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   This PhD thesis focuses on the basic eco-hydromorphic dynamics of pristine 
tropical stream systems on the island of Borneo. Exploring theories and models developed 
in temperate streams and rivers to determine if they can be applied or appropriately adjusted 
to describe and explain some of the tropical stream processes. Streams in Ulu Temburong 
National Park in Brunei Darussalam are used as a case study owing to its pristine rainforests 
and intact stream catchments that have hitherto been little studied. The first part of the thesis 
assesses the distribution of macroinvertebrates in flow biotopes and investigates if the 
arrangement, structure and juxtaposition of the flow biotopes influences macroinvertebrate 
assemblages and population. It is demonstrated that the more consistent environmental 
conditions of waterfalls and cascades, in comparison to the mixed-substrate biotopes (pools 
and riffles), have a strong influence on the macroinvertebrate communities. The influence of 
discontinuity on stream biota and ecosystem functions was explored at confluences zones 
and in pools above-and-below waterfalls. Results suggested there was a stronger link between 
confluence hydrology and macroinvertebrates, than with organic matter and periphyton. The 
waterfall study found varied effects of biotic and abiotic factors on community structure and 
ecosystem function. Higher fish densities were in below-waterfall pools and higher shrimp 
abundance in above-waterfall pools. However, macroinvertebrate densities (excluding 
shrimp) were similar among both pool types. Ambient periphyton was higher in below-
waterfall pools but leaf litter decomposition rates did not differ, suggesting that neither 
shrimp nor fish densities had consistent impacts on this ecosystem function. The trophic 
structure of the macroinvertebrates living on waterfalls was investigated using stable isotope 
analysis (SIA; δ13C and δ15N of leaf litter and periphyton) and gut contents analysis (GCA), 
establishing potentially three trophic levels. This thesis successfully used models developed 
in temperate streams to develop an understanding of the basic dynamics of pristine tropical 
stream systems in terms of eco-hydromorphology, which will assist with sensible 
conservation management and for robust ecosystem monitoring. 
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Chapter 1: Introduction & Research Aims  
 
1.1 Motivation and Context 
 
The linkages between ecology, geomorphology and hydrology are responsible for 
eco-hydromorphic complexity through their shaping of river channels into networks of 
heterogeneous patches. Interactions between the hydrology, sediment dynamics and river 
morphology control the size, pattern and habitat structure of river channels (Church, 1992; 
Frissel, 1996). Eco-hydromorphology plays a crucial role in the spatial and temporal diversity 
of habitats, which are diverse, both within and among the many types of rivers. The 
classification and mapping of eco-hydraulic patch complexity within and among mesoscale 
habitats provides a robust technique for inferring how hydraulics, sediment dynamics and 
geomorphology influence stream habitats (Poff and Ward, 1990; Hart and Finelli, 1999; 
Bunn and Arthington, 2002). Eco-hydrogeomorphology has been a cornerstone of research 
within temperate stream ecology, and it has shown that flow regimes are a master variable in 
influencing the community structure of stream vertebrates and invertebrates (Stubbington et 
al., 2009; Webb et al., 2012). The central focus of this work, therefore, is to examine the eco-
hydromorphic dynamics of tropical streams and the distribution and assemblages of benthic 
macroinvertebrates within the abiotic framework.   
The tropics occur between latitudes 23°N and 23°S, and this equatorial region 
contains streams with high rates of insolation, warm waters and variable hydraulic regimes 
(Boulton et al., 2008). Dobson et al. (2002) argued that tropical regions exhibit a complexity 
that goes beyond their waters simply having higher temperatures. For example, tropical 
streams lack seasonal inputs of leaf litter and have high variation in flow, creating an 
unpredictable detrital food source in many tropical reaches. Further, categorizing them just 
by location may not have much utility, as there is a wide variety of stream types, from 
headwater streams that drain high elevation, snow-topped mountains to those that slowly 
flow through lowland tropical forests (Ramirez et al., 2008). Tropical streams contain a 
diverse range of plants and animals, with many creatures having unique adaptations to 
specific food sources, habitats or microhabitats (Ramirez et al., 2008). However, taxonomic 
uncertainty has hampered investigations into tropical streams, with many species remaining 
to be described and identified (Jacobsen et al., 2008). 






The current understanding of tropical streams is relatively limited compared to that 
of temperate region streams. Most freshwater concepts or models have been developed in 
northwest Europe and North America regions that are quite distinct from tropical latitudes 
(Dudgeon, 2008).  Dissimilarity in tropical geomorphology compared to temperate system 
geomorphology has been proposed in order to create a template for differences in ecological 
habitats (Boulton et al., 2008). The location of streams and rivers near the equator and away 
from the polar ice caps makes these systems among the oldest, which has major 
biogeographical implications (Boulton et al., 2008). It is important to understand the 
differences between temperate and tropical systems in regards to their geomorphology and 
ecology; ecosystem models based on temperate streams may not apply to tropical systems, 
and the management techniques used in temperate areas may be ineffective or even damaging 
to tropical systems (Boulton et al., 2008). 
The time frame for investigating and understanding basic tropical stream ecology is 
under pressure because of the strong anthropogenic impacts on these ecosystems (Dudgeon, 
1995). The rate of degradation and loss of aquatic species is hampering our ability to 
understand pristine systems, as high levels of deforestation, land use change, high human 
population growth and pollution are occurring in many tropical stream catchments 
(Dudgeon, 1995; White et al., 1998). Given environmental changes and associated losses of 
biodiversity, it is imperative to collect baseline data from natural pristine tropical systems and 
understand the processes and roles of these ecosystems. This information will further the 
current understanding of the potential consequences of extinction and declining biodiversity 
(Dudgeon et al., 2006; Corlett, 2009). There are relatively few suitable places to examine 
natural ecosystem structure and function. For example, Borneo Island is home to one of the 
oldest rainforests in the world, at 130 million years old, and yet, over a relatively short time 
period, deforestation and land use change has largely destroyed this unique environment. A 
recent study conducted in northern Borneo (Fig 1.1) suggests that 80% of Malaysian Borneo 
has been heavily impacted by deforestation (Bryan et al., 2013). However, neighbouring 
Brunei Darussalam, situated in northern Borneo, has been much more successful in 
preserving its natural landscape, with 54% of its land still covered in pristine rainforest (Bryan 
et al., 2013). Therefore, Brunei Darussalam was the chosen location for this work. 







Figure 1.1.  Forest cover and condition in northern Borneo including Brunei, circled in black, and Malaysia as 
inferred from Landsat images in 2009. Indonesia is in brown. This image is adapted from Bryan (2013), with insert 
map showing the location of Brunei in Borneo Island.  
 
One way to explain the eco-hydraulic complexity described above is to investigate 
the structure and function of aquatic macroinvertebrates. Aquatic macroinvertebrates are 
small organisms that live for at least part of their lives in water, consisting mainly of insects 
but also including crustaceans, molluscs, leaches, oligochaetes and planarians. In pristine 
catchments, these creatures are essential to ecological services, functioning as the backbone 
of many food webs, vital to riverine ecology and serve as the primary diet for many fishes 
and mammals—macroinvertebrates are therefore crucial to understanding biodiversity 
patterns (Giller and Malmqvist, 1998). Tropical streams, such as those in Brunei, can be 
described as being composed of discrete units delineated by longitudinal boundaries of 
waterfalls and numerous small tributaries, which create ecological zonation for 
macroinvertebrates and other macroconsumers. This can contribute to various community 
patterns, evidence of which is demonstrated in this research. A significant difference between 
temperate and tropical streams, which may affect the biogeography of macroinvertebrates, 










1.2 Research Aims and Objectives 
1.2.1 Overview  
 
Owing to the scarcity of research in the tropics identifying truly representative eco-
hydromorphic sites, it is not possible to adequately compare temperate and tropical streams. 
Linking and simplifying relationships between the physical variables and ecological responses 
is also not possible. Rather, this research explores theories and models developed in 
temperate systems to determine if they can be applied or appropriately adjusted to describe 
and explain some of the tropical stream processes. Classification concepts and theories from 
temperate streams are a reasonable starting point for investigating tropical systems. This 
ordering of information provides a systematic and clear method by which to view eco-
hydrogeomorphology. This enables the interpretation of the variability and complexity that 
exists between many factors (Brierley and Fryirs, 2013). However, it is also clear that current 
concepts are insufficient; all models are a simplification of reality. Combining classification 
models may shed light on the distribution of macroinvertebrate communities; alternatively, 
a new or adapted scheme may well be required.  
1.2.2 General Aims and Objectives 
 
This PhD thesis focuses on the basic dynamics of pristine tropical stream systems. 
Brunei is used as a case study owing to its pristine rainforests and stream systems that have 
hitherto been little studied. The overall aim of this thesis is to develop an understanding of 
the basic dynamics of tropical stream systems in terms of eco-hydromorphology, with an 
emphasis on benthic macroinvertebrates in the context of temperate stream classification 
models and theories. The main objective of the research presented is therefore to improve 
understanding about eco-hydrogeomorphological tropical stream systems that have hitherto 
been little studied. 
1.2.3 Research Questions and Hypotheses 
 
More specific research questions that will be answered are listed below and numbered 
according to the chapter (C): 
 
QC4. Are biotopes a useful classification tool for examining macroinvertebrate 
biodiversity in tropical streams? 






QC5. Does macroinvertebrate diversity differ between the two main rivers of Ulu 
Temburong National Park, Sungai Temburong and Sungai Belalong? 
QC6. Do organic matter (including leaf litter and wood debris) and levels of periphyton 
increase at the confluence? And does this create ‘biodiversity hotspots’ for 
macroinvertebrates at the confluences? 
QC7. Are biotopes important, rather than streams or reaches, for the operational scale of 
tropical macroinvertebrate biodiversity? 
QC8. To what extent do tropical waterfalls influence the distribution of aquatic 
communities? And will ecosystem functions (i.e. periphyton growth and leaf litter 
breakdown rates) differ between above- and below-waterfall pools? 
QC9. What is the main source of food for tropical macroinvertebrates that live on 
waterfalls? 
 
The main Hypotheses in this thesis are listed below and numbered according to the chapter 
(C): 
 
HC4. Biotopes provide a useful classification tool for examining macroinvertebrate 
biodiversity in streams 
HC5. Pool macroinvertebrate diversity would be lower in Sungai Temburong compared 
to Sungai Belalong due to its higher discharge and increased scouring flood events 
HC6. There will be higher levels of organic material and periphyton in the confluence zone 
which will consequently increase diversity of macroinvertebrates 
HC7. Biotopes, rather than streams or reaches, will be more important for the 
operational scale of biodiversity and thus be a useful classification tool for examining 
macroinvertebrate biodiversity in streams 
HC8. Waterfalls will have a significant impact on fish densities, with lower numbers 
above waterfalls. While both shrimp and macroinvertebrates will occur in higher 
densities in the above-waterfall pools, which are lacking fish. Differences in 
community structure will influence ecosystem function including periphyton growth 
rates and leaf litter decomposition. 
HC9. Due to the steep gradient of waterfalls and low retention of terrestrial based 
resources, the dominant basal food resources of macroinvertebrates would be algae 






1.3 Research Methodology 
 
Most of this thesis is based on survey data, rather than experimental manipulations, 
in order to describe the nature of the relationship between the stream biota (predominantly 
macroinvertebrates) and physical variables. Models are always simplifications that 
compromise complexity, relevance and realism. However, tropical systems are complex and 
filled with many interactions therefore to conceptualize and understand these processes, 
there is a need to reduce some of this complexity. There is an understanding of the limitations 
of survey data, rather than experimental, in that it is evidence for correlation, not causation.   
1.4 Research Novelty 
 
Tropical stream research is underrepresented in comparison to temperate stream 
research. Within tropical stream research there has been a focus on the Neotropics, Hong 
Kong and northern Australia, with very few studies on the pristine streams in Borneo. Level 
of research in Borneo is so limited that most aquatic life has not even been documented, 
with very little understanding of how macroinvertebrates may be distributed within the 
abiotic framework. Below is a list of outputs from this project: 
 Journal papers accepted: 
o Eco-hydromorphic Classification for Understanding Stream Macroinvertebrate 
Biodiversity in Brunei Darussalam, Northern Borneo” Zoological Studies 
o “Fluvial biotopes influence macroinvertebrate biodiversity in Southeast Asian 
tropical streams” Ecosphere 
o “Benthic Community Structure and Ecosystem Functions in Above-and Below-
Waterfall Pools in Borneo” Hydrobiologia 
 Creation of a network of taxonomists (>25) that specialise on tropical 
macroinvertebrates to assist with identification of tropical macroinvertebrates. This 
has resulted in the confirmation of numerous first recordings of macroinvertebrates. 
Taxa have been donated to the Natural History Museum in London, Natural History 
Museum in Lausanne (Switzerland), Oxford University of Natural History and 
Universität Kassel (Germany). Donated taxa have been used to assist with the 
development of identification keys, DNA analysis and to help increase the 
understanding of their life histories.   






 Education document of the most common macroinvertebrates found in Ulu 
Temburong National Park. Given to Kuala Belalong Field Study Centre (KBFSC) to 
be used with undergraduate students and school children when studying the streams  
 Film of tropical macroinvertebrates in my study streams ‘Life in streams and 
waterfalls, Borneo’: goo.gl/oqVP3a 
 Photos of macroinvertebrates in my study sites: flickr.com/photos/tropical-streams 
1.5  Research Challenges 
 
 Conducting fieldwork in remote tropical regions brought many challenges. Fieldwork 
took place in two locations in Ulu Temburong National Park. The first location was near 
Bukit Pagon, which was accessible by helicopter. A temporary base camp was 
constructed that consisted of a string of tents. The limited facilities included electricity 
from a generator to power and charge equipment in the evenings. The second location 
was Kuala Belalong Field Study Centre (KBFSC), where most of this research was 
conducted. KBFSC is situated 30–60 minutes from the nearest inhabited area by long 
boat (depending on water levels) and is a 3-4 hour journey to the Bandar Seri Begawan. 
There is no Internet and limited mobile signal at the field study centre. A generator 
powers electricity for a few hours in the morning and evening. Conducting fieldwork in 
remote regions can impact safety. Below are some of the main challenges I faced and 
ways in which I reduced any risk:  
o Attended a Royal Geographical Society (RGS) first aid course that specialized in 
geographical fieldwork to ensure I have the skills to deal with any medical problems 
o Fieldwork was always conducted with a local boat man or research assistant  
o Life jackets were worn when in the water 
o During storm events water levels can rise significantly (and very fast) making 
fieldwork unsafe. Fieldwork would finish for the day when there were any signs of 
water levels rising or when it started to rain 
o The base camp for the Pagon research trip was located near the Malaysian boarder 
where illegal loggers are known to be located. Therefore Universiti Brunei 
Darussalam ensured that all researchers were accompanied by armed guards during 
fieldwork 






 Permits for the exportation and importation of macroinvertebrate samples often took 
longer than expected 
 Poor knowledge of tropical macroinvertebrates with many larval macroinvertebrates not 
yet described past family level. To assist with identifications I used special camera 
equipment to photograph the macroinvertebrates and uploaded onto the Flickr website 
(http://flickr.com/photos/tropical-streams/sets/), where interested experts could 
comment or request to see the actual specimens. I visited the Natural History Museum 
in Lausanne and the Zoological department of South Wales to work on identifications.   
1.6 Thesis Outline 
 
This thesis is organised as cumulative work, in the form of a general introduction 
and conclusion along with the six empirical chapters which include three accepted peer 
review journal papers and one manuscript which is currently under review (Fig 1.2). As a 
result of this structure, each empirical chapter can be read independently with its own 
introduction, methods, results and discussion. Consequently for the whole thesis reader this 
creates repetition particularly of the introduction, context, site descriptions and method 
sections. The remaining chapters in this thesis are organised as follows:- 
 
Chapter 2: Literature Review  
An overview of the current literature is provided in Chapter 2. The first section of this 
chapter introduces macroinvertebrates and their importance in river systems. The second 
section provides an overview of eco-hydromorphology in the temperate environment 
including general background about the subject and an assessment of the importance of eco-
hydromorphology classification models. The third section of the literature reviews the state 
of tropical stream research. 
 
Chapter 3: Background to Research Sites in Ulu Temburong National Park 
Brunei Darussalam is described in Chapter 3, with an overview of the climate, landform 
processes and the rivers and streams of Ulu Temburong National Park, including a summary 
of the main study sites.  
 






Chapter 4: Eco-hydromorphic Classification for Understanding Tropical Stream 
Macroinvertebrate Biodiversity 
Eco-hydrogeomorphology and macroinvertebrate biodiversity of two remote, tropical 
streams in northern Borneo are examined in Chapter 4. This study was part of a larger project 
that gathered experts from around the world to conduct the first systematic study of the 
environment and biodiversity of the high altitude primary rainforest of Bukit Pagon.  
 
Chapter 5: Macroinvertebrate Diversity in Pools of Sungai Temburong & Sungai 
Belalong: A Short Communication  
The distribution and diversity of macroinvertebrates in the two main rivers that flow through 
Ulu Temburong National Park are described in Chapter 5. This study was conducted along 
Sungai Temburong and its tributary, Sungai Belalong. It attempts to answer the research 
question “is the distribution what we would expect?” 
 
Chapter 6: The Effect of River–Tributary Interactions on Benthic Habitat & 
Macroinvertebrate Biodiversity 
To date most research on confluences has focused on the effect of tributaries on the main 
rivers; by contrast there have been very few studies on how the main rivers affect their 
tributaries. Therefore this chapter investigates quantities of organic matter (including leaf 
litter and wood debris) and periphyton (biomass and growth), along with macroinvertebrates 
in 11 confluence zones that experience hydraulic damming/reverse flows.  
 
Chapter 7: Fluvial biotopes influence macroinvertebrate biodiversity in Southeast 
Asian tropical streams 
The effects of biotopes on macroinvertebrate community structure in three streams within 
Ulu Temburong National Park are characterized in Chapter 6. Biotopes within these streams 
were categorized as waterfalls, cascades, riffles or pools. It examines the question as to 










Chapter 8: Benthic Community Structure & Ecosystem Functions in Above- and 
Below-Waterfall Pools in Borneo 
The stream landscape is characterised by the many waterfalls and poses the research question 
how does this affect benthic community structure and ecosystem function. A systematic 
survey and analysis of aquatic communities, litter decomposition and periphyton growth 
rates for above- and below-waterfall pools in four tributaries of Sungai Temburong and 
Sungai Belalong is examined and presented in Chapter 8. 
 
Chapter 9: Macroinvertebrate Trophic Structure on Waterfalls in Borneo 
Stable isotope analysis (using δ13C and δ15N of leaf litter and periphyton) and gut contents 
analysis are presented in Chapter 9. This analysis was conducted to investigate the trophic 
structure of dominant macroinvertebrates living on waterfalls.  
 
Chapter 10: Conclusions  
The final and concluding chapter brings together the main findings of the thesis and 
determines the extent to which the research objectives have been met. This chapter also 
provides recommendations for future research. 
 
Figure 1.2 Thesis overview and summary from each data chapter










In order to understand macroinvertebrate diversity and distribution patterns in 
tropical streams, it is essential to review previous studies. This literature review is split into 
three sections. The first section provides an introduction to macroinvertebrates and their 
importance in river systems. The second section reviews eco-hydromorphology in the 
temperate environment, including general background on the subject and an assessment of 
the importance of eco-hydromorphology classification models, and both statistical and 
conceptual treatments. The third section briefly reviews tropical stream research.  
2.1 Introduction to macroinvertebrates 
 
Macroinvertebrates are the foundation of riverine ecology and are integral to the diets 
of many fish and mammals (Giller and Malmqvist, 1997; Wotton, 2001). These creatures 
support numerous ecosystem functions, including the breakdown of organic matter (e.g. leaf 
litter, wood debris and seeds), while aquatic invertebrates such as Stoneflies shred and 
consume the material (Wotton, 2001). Other aquatic invertebrates, including flattened 
mayflies and snails, consume periphytic algae and biofilms, helping to control growth and 
transfer energy up the food chain (Gessner et al., 1999; Wotton, 2001). Filter feeders, 
including black fly larvae, consume suspended organic matter, thus reducing turbidity, and 
in turn excrete faecal pellets, which is a more accessible form of organic matter for other 
macroinvertebrates to consume and can fertilize algae and aquatic plants (Wotton, 1994; 
Joyce et al., 2007). Macroinvertebrates are also a useful tool for monitoring biodiversity 
patterns because their distributions often reflect patterns of food resources and habitats 
(Ramirez et al., 1998). Similarly, their sensitivity to changes in benthic resources and pollution 
events makes them especially useful in biomonitoring, thus providing insight into 
environmental changes (Giller and Malmqvist, 1997; Everaert et al., 2014). Accordingly, it is 
important to understand how macroinvertebrates utilize habitats within the channel.  
 
 






2.2 Introduction to eco-hydromorphology 
 
The first known study of the interaction between organisms and their environment 
was conducted in 1869 by Ernst Haeckel, who is considered by many to be the founder of 
ecology (Begon et al., 2006). Haeckel stressed that the biota is shaped by environmental 
factors and interactions, therefore closely linking ecology with evolutionary theory. However, 
it took many decades before this thinking was fully integrated into riverine science, a 
relatively new discipline that originated in Europe during the early 20th century. The first 
papers connecting ecology and the physical landscapes of rivers were by German scientists—
Steinmann (1907; 1908), who studied insects, and Hora (1922), who worked with fish. 
However, it was not until a few decades later that the general notion of “eco-hydraulics” was 
devised by Hino (1977), a Japanese researcher who proposed this term to capture the 
influence of aquatic plants on their streams. Hino pushed for hydraulic science to go beyond 
its contemporary boundaries as a discipline and include ecology (Kundzewicz, 2002). 
Zalewski (2002) describes ecohydrology as the ‘third phase’ in the development of ecology, 
with the first being descriptive and the second seeking to understand processes as well as 
seeking to control and manipulate ecological processes.  
Whilst the numbers of published interdisciplinary articles and books has increased, 
there have been semantic arguments over the name of this potentially new discipline and 
whether it should be classed as such (Kundzewicz, 2002). It has been argued that truly 
interdisciplinary research conducted by geomorphologists and biologists is still rare (Bond, 
2003; Hannah et al., 2004; Hannah et al., 2007; Rice et al., 2010). Hannah (2004) argues that 
the terms hydro-ecology used by hydrologists and eco-hydrology by ecologists highlight this 
divide. Lancaster and Downes (2010) find these semantic arguments about the definitions of 
eco-hydrology or hydro-ecology pointless. The prefix ‘eco’ implies ecological, and when it 
modifies the root word ‘hydrology’, the term describes the interaction between ecological 
and hydraulic processes. Vaughan et al. (2009) proposed that the linking of interrelated 
disciplines (i.e. hydrology, geomorphology and ecology) should be considered eco-
hydromorphology. This research makes use of the latter definition, which is formally defined 
by Vaughan et al. (2009, p114) as “the interactions of the biological entities and ecological 
processes of a river with the hydrological and geomorphological form and dynamics”.  
This confusion over linking ecology, hydrology and geomorphology is perhaps 
reflected by the lack of understanding of the eco-hydromorphic mechanisms, and this is 






highlighted by failed river restoration projects. Palmer et al. (1997) posited the “Fields of 
Dreams” hypothesis in reference to the many projects that are largely disconnected from 
ecological theory and have too strong a focus on geomorphology. There is limited empirical 
evidence to demonstrate that an increase in channel heterogeneity promotes biological 
recovery, and yet it is still a major restoration technique (Palmer et al., 2010). Rice et al. (2010) 
emphasized this lack of scientific understanding and questioned the dubious benefits of one 
of the most widely adopted river restoration tools, the use of physical structures to increase 
river heterogeneity. Some studies have found that placing wood or boulders in a reach can 
increase the number of ecological habitats (Riley and Fausch, 1995; Roni and Quinn, 2001), 
but others found no real change or benefits (Olson and West, 1989) and some failed 
completely (Frissell and Nawa, 1992). This inconsistency demonstrates the real disconnect 
between the physical and ecological aspects and theory (Palmer et al., 1997; Lake et al., 2007).   
Within the eco-hydromorphology literature, the terms ‘mechanisms’ and ‘functions’ 
are repeatedly used, but often without an explicit definition. As these scientific terms are 
critical to the meaning of the research, it is important to define them. A function that is 
performed by an ecosystem is a result of interactions involving organisms and their habitats 
(Lecerf and Richardson, 2009). In the literature, the term function has been defined in terms 
of river properties and services. According to Lecerf and Richardson (2009), 71% of studies 
on aquatic ecosystem functions deal with litter decomposition and consumer performances 
in small, heterotrophic streams. According to Dunham and Beaupre (1998, p30) a 
mechanism is “an appropriate level of reductionism that provides a causal explanation of the 
functional relationship among a set of variables”. The relationship between the pattern and 
mechanism is scale dependent and hierarchical in nature. Models have been designed, 
primarily from empirical research on temperate streams and rivers, to classify ecological or 
geomorphological processes, but more recently they have been developed to integrate eco-
hydromorphology at different spatial scales. The next section discusses stream classification 
models, including both statistical and conceptual models.  
2.3  Stream classification model research 
2.3.1 Introduction 
 
O'Keeffe et al. (1994) have argued that classification helps to organize and explain 
complex objects, systems and ideas. As classification models are used to simplify the current 






knowledge and are probabilistic representations of ecosystem classes, they can be treated as 
hypotheses (Goodwin, 1999). These can then be used as a framework to investigate tropical 
systems. Stream classification models have attempted to simplify the complex interactions 
and functions of fluvial systems (Fig 2.1). Historically, most scientific disciplines undergo a 
phase of classification with the objective of ordering observations (Gordon et al., 2004). For 
river management, classification simplifies the system to enable tasks that would otherwise 
be impractical, including habitat inventories, assessing anthropogenic impacts and judging 
stream quality against legislative requirements (Gordon et al., 2004).  
The appeal of classification models is that the concepts can be understood by non-
specialists, through simplified language and relatively easy to understand methods (Gordon 
et al., 2004). These characteristics are attractive for an inter-disciplinary research area, such 
as eco-hydromorphology, because the ideas and connections are collated into a format that 
can be understood by all players. There are two types of stream classification models: 
statistical and conceptual. Statistical models use large data sets in an attempt to find 
relationships between species occurrences and environmental characteristics in fluvial 
systems, implicitly emphasizing the current ecological conditions of organisms. Statistical 
models tend to be restricted within geographic regions, but they allow predictive suites of 
physical variables or characters to identify species assemblages (Ross, 2013). In contrast, 
conceptual models use the general features of habitats to make predictions about the 
ecological traits of assemblages or species. These models can be especially powerful when 
predicting the effects of disturbances on faunas and ecosystems (Ross, 2013). 
 








Figure 2.1.  Timeline of the key theories and contributions to stream eco-hydromorphology, with a focus on aquatic 
classification. These concepts are not fixed in time, but usually develop, overlap and intermingle with other ideas over 
time. The outline of each box indicates the field in which the developments occurred: stream geomorphology (thin, dashed 
black line), ecology (dashed green line), stream ecology (thick green line), and integrated terrestrial-aquatic systems 
(thick, dashed black line). The shaded green boxes indicate aquatic classifications that this thesis focuses on. (Adapted 
from Melles et al., 2012). 
2.3.2 Key statistical models 
 
IFIM and PHABSIM - One of the first management techniques to integrate the 
hydrology and ecology of a fluvial system is the instream flow incremental methodology 
(IFIM), which was developed with the physical habitat simulation (PHABSIM) software in 
the 1970s. It was originally designed to determine optimum water levels for fish and was 
eventually applied to benthic invertebrates (Gore, 1978; Gore and Judy Jr., 1981), but this 
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was not judged to be successful because of the difficulties in collection, taxonomic 
identification and developing habitat suitability curves. Armitage (1989) and other 
researchers designed the river invertebrate prediction and classification system (RIV-PACS) 
to predict changes in macroinvertebrate species composition caused by changes in 
environmental conditions. This system uses a combination of chemical water quality 
measurements, hydraulic conditions and geomorphology to estimate predictive relationships 
through an approach that is based on the multivariate TWINSPAN analysis (Hill, 1979). 
These models are based on abundance–environment relations that describe the densities of 
individuals relative to the physical variables of the environment. There has been criticism 
raised against the PHABSIM model for its lack of ecological accuracy; like many hydraulic 
habitat analyses, it does not represent within-reach scale variability in habitat availability.  
Biotope and functional habitat statistical research - Biotope theory is based on 
the influence of current ecological conditions on organisms. Under this framework, the 
organisms currently living in a habitat match the present day habitat conditions; therefore, 
although these organisms are shaped by historical events and phylogenetic relationships, they 
are not entirely constrained by them (Townsend and Hildrew, 1994). The German scientist 
Dahl (1908) devised the term “biotope” to define the physical conditions of a social 
community (“Biocönos”) in which plants and animals are interdependent. The difference 
between habitat and biotope concepts has been debated over the decades, with ‘biotope’ 
referring to the abiotic environment of a community and ‘habitat’ referring to the abiotic 
environment of a species (Udvardy, 1959; Whittaker et al., 1973; Price, 1975; Ward, 1992).   
In river systems, biotopes can be observed as river surface flow features (i.e. flow 
biotopes) such as riffles, pools, runs and cascades, each of which reflect combinations of 
sediment, depth and velocity associated with the structure of the river bed (i.e. physical 
biotope). The generally accepted flow type (or flow biotope) biotope classification scheme 
as advocated by Newson and Newson (2000) is shown in Table 2.1. The two main factors 
that support and define the biotope concept are measurements using the Froude number 
and the relationship between channel morphology and surface flow (Jowett 1993 and 
Wadeson, 1994; Clifford et al., 2006). The Froude number (Fr) is a dimensionless index used 
to classify water flow. It is essentially a ratio of inertial forces caused by friction that impede 
water flow to the gravitational force that moves water down a gradient (Giller and Malmqvist, 
1998). For Fr values of less than 1.0, water flow is slow and calm, whereas for Fr values of 






greater than 1.0, flow is fast and turbulent. This hydraulic variable is important because it is 
related to water surface roughness (Statzner et al., 1988), which is the main biotope 
identification characteristic used in the field. 
Management approaches over the past 20 years have increasingly stressed the need 
to integrate the biological and physical aspects of riverine environments (Clifford et al., 2006). 
A promising alternative approach emerged in the late 1990s with the identification and 
characterization of physical biotopes and the functional habitat (sensu Harper et al., 1995) 
classification scheme (Padmore, 1998; Table 2.2). Functional habitats describe types of 
stream habitat based on substrate and vegetation cover (Newson and Newson, 2000). As 
Clifford et al. (2006) pointed out, the appealing aspect of the biotope approach is its 
practicality in the field and ability to capture river complexity in a way that sufficiently 
characterizes riverine environments. These types of rapid assessment models are useful tools 
for assessing river complexity and diversity. In the UK, biotopes have been used as part of 
the River Habitat Survey (RHS). Although ‘physical biotope’ and ‘functional habitat’ 
approaches are derived from different disciplines, they are complimentary and have the 
potential to integrate physical and biological research in rivers.  
Harvey et al. (2008) argued that combining the functional habitat classification 
approach with biotopes can provide a new and distinct ecological classification scheme. 
Initial attempts to combine these approaches have failed; however, Clifford et al. (2006) 
noticed that specific functional habitats appear to be associated with several flow biotopes, 
which they suggest indicates that an amalgamation or reduction of flow types is necessary. 
Harvey et al. (2008) analysed RHS data to investigate whether the functional habitat 
classification scheme could be statistically associated with biotopes to create a new distinct 
ecological classification scheme. The conclusion was that if the biotopes were amalgamated 
into three predominate biotopes, then there was a statistical association between the habitat 
classes, but no distinct relationships among all biotopes. Accordingly, combinations of the 
predominant biotopes may more accurately represent flow conditions. However, ecological 
distributions are not solely influenced by geomorphology; other factors, such as different 
dispersal characteristics for plants and general biotic interactions, can affect the compatibility 



















Free fall Water falls vertically and without 
obstruction from a distinct feature, 
generally more than 1 m high and often 
across the full channel width 
 
Waterfall 
Chute  Fast, turbulent flow over boulders or 
bedrock with a smooth boundary; flow is 
in contact with the substrate, and exhibits 
upstream convergence and downstream 
divergence 
 
Spill (chute flow over areas of 
exposed bedrock) 




White-water ‘tumbling’ waves with crests 
facing in an upstream direction; associated 
with ‘surging’ flow 
 
Cascade (at the downstream 
side of the boulder flow 
diverges or ‘breaks’, rapid) 
Unbroken 
standing waves 
Undular standing waves in which the crests 
face upstream without ‘breaking’ 
 
Riffle 
Rippled Surface turbulence does not produce 
waves, but symmetrical ripples that move 
in a general downstream direction 
 
Run 
Upwelling Secondary flow cells visible at the water 







Flow in which relative roughness is 
sufficiently low that very little surface 
turbulence occurs; very small turbulent 
flows cells are visible, reflections are 
distorted and surface ‘foam’ moves in a 
downstream direction; a stick placed 






Surface foam appears to be stationary and 
reflections are not distorted; a stick placed 
on the water’s surface will remain still 
 
Pool (occupies the full 
channel width) 
Marginal deadwater (does 








































Exposed rock & 
boulders 
‘Hygropetric zone’, a thin film of water on the surface of bare 
rock provides habitat for small macroinvertebrates 
Cobbles/ gravel Hyporheic zone within interstitial spaces, ideal fish spawning 
site, supports invertebrates 
Sand Usually species-poor, but can support large numbers of 
smaller, specialized invertebrates; accumulation around 
obstructions such as woody debris can become more stable 
and biologically richer. 
Silt Silted pools provide a detritus-rich habitat for 




















































Feeding, mating and oviposition zone for mature stages of 
otherwise aquatic invertebrates. 
Emergent 
macrophytes 
Passage to the surface for emerging insects, attachment 
surface for filter-feeders and oviposition sites 
Floating-leaved 
plants 
Passage to the surface for emerging insects 
Submerged, 
broadleaved 




Protection from predation and turbulence; provides surface 
for periphyton growth and attachment of invertebrates 
Mosses Oviposition in faster flowing waters 
Protection from predation and flow; accumulation of fine 
sediment and organic matter provides physical substrate and 
food 
Macroalgae Food source for grazers, case material for some chironomids, 




































Leaf litter Direct food source for shredders, site for production and 
capture of fine particulate organic matter and can act as an 
extension of the physical substrate; particularly important in 
finer sediments 
Wood debris Direct use by borers; increases channel stability 
Tree roots May provide important habitat for specialized and rare species, 
but undersampled 
 
 Despite the difficulty in integrating the physical biotope and functional habitat 
inventories within investigations of aquatic invertebrates, this approach can still be a 
framework that enables investigation in tropical systems. The biotope has been used as a 
sampling framework for some tropical river studies, including Furtado (1969) and St Quentin 
(1973) in Malaysia and Sri Lanka, respectively, to investigate Odonata assemblages. Other 
studies have used the pool and riffle biotopes to assess assemblages longitudinally in tropical 






systems (Bishop, 1973; Rundle et al., 1993). However, there have been few if any tropical 
studies that have investigated the structure, composition and pattern of biotopes in terms of 
macroinvertebrate assemblages and functional habitats. Functional habitats occur at the 
microscale, which is associated with small organism microhabitats and influenced by flow 
hydraulics that can cause changes over the course of seconds (Fig 2.2). The mesoscale 
corresponding to structures such as pools and riffles (i.e. various biotopes) are stable over 
slightly longer time periods. Both the microscale and mesoscale are part of an organized 
hierarchy in which the higher, broader macroscale systems (i.e. drainage basins and stream 




Figure 2.2.  View of streams in a hierarchical context. In this stream system and associated habitat subsystem, the 
microhabitats are part of the microscale, while pools and riffles along with reaches are part of the meso-scale and the 
drainage basin constitutes the macroscale (Adapted from Frissel et al., 1986).  
 
In the literature, there has been a general focus on pool and riffle biotopes, with less 
work on other biotopes, such as waterfalls (Clayton 1995; Rackemann et al., 2013; Clayton 
and Pearson, 2016). Waterfalls are distinct from other biotopes because they lack a hyporheic 
zone and a water column of sufficient depth for the normally abundant shrimp and 
herbivorous fish, leaving highly specialized macroinvertebrates to dominate the biotope. 
Although waterfalls only represent a small part of the length of rivers, their specialized (and 
significantly under-researched) biota and functional habitats make them ecologically 
important areas that require special protection (Pearson, 2016). Waterfalls may be of 






particular interest in tropical streams as longitudinal blocks for fish movement, creating 
upstream refugia for taxa including shrimp and tadpoles (Covich et al., 2009; Hein and Crowl, 
2010), but also in their own right as a potentially more stable biotope type because of their 
bedrock substrates and consistent flows.  
2.3.3 Key Conceptual based models 
 
Habitat template model - In 1977, Southwood created the concept of the habitat 
template model, a framework that provides a predictive pattern for the evolutionary assembly 
of communities and life history traits (Ross, 2013). It emphasizes the association of the 
species with habitat features, so that species occur where they are best suited. This approach 
assumes that the present day ecological traits of organisms match the current ecological 
conditions. Townsend and Hildrew (1994) developed testable predictions of the habitat 
template model, for both species traits (e.g. age, size, reproductive type, movement, etc.) and 
assemblage traits (e.g. biotic interactions). They focused on temporal habitat heterogeneity 
and spatial heterogeneity to predict the response of species traits or assemblage traits to 
habitat templates (Fig 2.3). Two axes were used in their analysis, temporal heterogeneity, a 
measure of the frequency of disturbances, and habitat heterogeneity, a measure of the 
abundance of refugia. As disturbances increase in frequency, the number or accessibility of 
refugia become increasingly important. A more heterogeneous template would therefore be 
an indicator of a more frequently disturbed system. Predictions from the habitat template 
model determine that assemblage traits would also be influenced by the frequency of 
disturbance, with shorter life spans and smaller body sizes being more typical of organisms 
in an unstable system. In a more stable system, assemblages would be more specialized in 
terms of resource use, with a greater importance of biotic interactions.   
This phylogenetically informed approach was tested on the upper reaches of the 
River Rhône, in which 13 animal and plant taxonomic groups were analysed, but it was 
ultimately concluded that the spatio-temporal variability did not form a template for the 
species traits (Resh et al., 1994). The relationships between organisms and variability were 
therefore predicted to be more complex (Menezes et al., 2010). However Southwood’s 
hypothesis inspired many models such as that of Vannote et al. (1980), i.e. the river 
continuum concept (RCC), and trait-based approaches. 







Figure 2.3.  Habitat template model showing the relationship of assemblage traits or species to the frequency of 
disturbance and complexity of the physical habitat. The shaded areas represent the different predicted traits and dashed 
line shows the transition point. Diagram from Ross (2013), which was adapted from Resh et al. (1994) and Townsend 
and Hildrew (1994).  
 
River continuum concept - A major focus of stream ecology for the past 30 years 
has been the investigation of longitudinal patterns that regulate both biodiversity and 
ecosystem functions. The RCC, since it was developed by Vannote et al. (1980), has become 
one of the most influential frameworks for ecological research in the last century. The RCC 
constitutes a holistic analysis of energy flow in river systems, under the hypothesis that the 
structure and functions of biotic stream communities adapt to conform to the mean state of 
the physical system. Thus producer and consumer communities reach equilibria with the 
physical conditions of the channel, and as the physical conditions of the stream change 
downstream, the biological communities also change (Fig 2.4; Vannote et al., 1980). 
According to the RCC, a river channel is divided into three main sections. First, the 
headwaters are dominated by allochthonous material from riparian vegetation, and high 
levels of shredders consume this detritus; the production to respiration ratio is low (<1) in 
headwaters. Second, mid-reach channels are less dominated by riparian vegetation, and 
increased light yields an increase of autochthonous material. Grazers and collectors increase 
in mid-reach channels, with the former eating the periphytic algae and the latter collecting 
fine organic particulate matter (FOPM) flowing in from upstream. Third, in the lowland 
reaches, there is little influence from riparian vegetation, and the water is too turbid for 






primary production to occur. In lowland reaches, collectors dominate, feeding off the FOPM 
from upstream, and the primary production to respiration ratio is again low (<1). Predators 
and microbes are relatively constant throughout the river.  
 
 
Figure 2.4.  Original diagram from Vannote et al (1980) illustrating the river continuum concept. The river channel 
is divided into three main sections.  
 
The theory is based on research conducted in temperate regions of the USA, and 
there have been many discussions of its relevance in a worldwide context (Winterbourn et 
al., 1981; Minshall et al., 1985; Junk et al., 1989). Despite disagreement over its worldwide 
applicability, this approach has successfully sparked debate among ecologists and encouraged 
a more holistic approach to riverine science. From the relevant studies that have been 
conducted (e.g. Sehal, 1983; Sivaramakrishnan and Venkataraman, 1990; Rundle et al., 1993; 






Ormerod et al., 1994), it has become apparent that changes do occur in zoobenthos 
assemblages along the continuum, especially across a significant altitudinal range. However, 
many of these studies have been conducted in systems that are influenced by pollution or 
other anthropogenic factors (Dudgeon, 1996a). Even fewer studies have examined at 
whether the River Continuum Concept can be applied to tropical rivers. Greathouse et al. 
(2005) tested the RCC in Puerto Rico, finding agreement with the RCC model in terms of 
predators, scrappers and shredders, but collectors and filterers exhibited a pattern that 
contradicts the RCC.  
River discontinuity concepts - The serial discontinuity concept (SDC) proposed 
by Ward and Stanford (1983) began with the RCC and questioned what would happen to the 
patterns and processes if a weir or dam were placed in the river. This concept mainly makes 
predictions about the nature of energy and materials, rather than about specific organisms. 
Interestingly, despite this approach being widely cited, few field studies have applied it. The 
river discontinuum concept argues that no specific river is a continuum, with rivers being 
separated into discrete parts (Poole, 2002). Many natural habitat fragmentations can create 
discontinuities in the continuum, including waterfalls and high gradient riffles. Waterfalls can 
be natural barriers that limit the migration of fish and create areas of refuge for shrimp and 
crabs in reaches above waterfalls (Covich et al., 2009; Hein and Crowl, 2010; Karssing et al., 
2012; El-Sabaawi et al., 2015). The different community structures above and below 
waterfalls can influence a range of ecosystem functions, including organic matter 
decomposition and periphyton growth (Greathouse and Pringle, 2006; Moulton et al., 2010; 
Ho and Dudgeon, 2016).  
Confluences are another cause of discontinuities. Where tributaries join the main 
river or where two tributaries of similar sizes combine, gaps are created in the downstream 
succession of habitats (Rice et al., 2001; Church, 2002). Vannote et al. (1980) describes 
confluences as potential sites of continuum disturbances because downstream habitat 
succession discretely changes to a new trajectory as the streams abruptly increase in size. Rice 
et al. (2001) highlights the impact of tributaries on the main stem river, creating step-like 
adjustments that change channel width and depth, substrate type and size, organic material, 
nutrients, water and temperature, all of which ultimately affect biota. Confluences have been 
described as biodiversity hotspots owing to the higher diversity of their benthic communities 
(McGuire and Winemiller, 1998: Rice et al., 2001; Knispel and Castella, 2003). However, there 






has been a lack of research on the effects of main river stems on biodiversity in tributaries, 
with the two exceptions conducted in temperate regions including a Beckmann et al. (2005) 
study on the Rhine and a Wilson and McTammany (2014) study on the Susquehanna River 
(USA). In tropical stream catchments, localized storms can significantly increase discharge 
in some parts of the network, which causes the main river to increase in discharge, producing 
frequent hydraulic damming or even ‘back up’ in back channels or tributaries (Herrera and 
Rondon, 1985). This potentially frequent change in the hydrology of tributaries can influence 
macroinvertebrate communities, yet there have been no relevant studies conducted in 
tropical streams.  
Species traits and landscape filters - The species traits and landscape filters 
approach provides a heuristic framework for understanding and predicting the composition 
of local biological communities (Poff, 1997). This approach may move stream ecology away 
from being a descriptive science and towards being a predictive science, with species’ traits 
indicating the causal mechanisms and relationships between species and the environment 
(Verberk et al., 2013). The species traits and landscape filters approach is based on the logic 
that habitats with similar environments impose similar selective forces, requiring species to 
have similar attributes or adaptations to survive (Poff, 1997). Poff (1997) documented the 
example of shredder distributions, which are dependent on riparian vegetation; even when 
microhabitat conditions are ideal, these species require coarse leaf litter.  
However, problems with this approach have been identified, including different 
representations of species traits when comparing assemblages across environmental 
gradients (Statzner et al., 1994; Townsend et al., 1997). In addition, there is an inconsistent 
relationship between traits and environmental conditions (Statzner and Bêche, 2010). 
Verberk et al. (2013) argue that the two main problems that have arisen with this approach 
are the low discriminatory power of the traits and the poor mechanistic understanding it 
provides. These weaknesses are caused by poor knowledge of the most important traits for 
environments and an inability to account for combinations of traits to create functional 
equivalents. A species traits approach would be problematic if implemented in tropical 
streams because knowledge of macroinvertebrate functions and life histories are especially 
poorly understood in the tropics. Poff et al. (2006) suggest focusing on traits that are 
uncorrelated with phylogeny (such as size, voltinism and trophic habitat), as these have a 
direct relationship with stressors, therefore linking traits directly to the current environment.  






Fluvial landscape ecology at the patch scale - According to Forman (1995, p39) 
a patch is a “relatively homogeneous non-linear area that differs from its surroundings”. 
Pringle et al. (1988) emphasized that temporal and spatial scales change with context, for 
example, with the organism being studied or question being asked. The patch for a salmonid 
may include much of a river, but a Simuliidae patch may only cover a rock during its larval 
stage. Patch approaches differ from biotope theory as the concept places importance on the 
patch hierarchy, arrangement, structure and juxtaposition; Poole (2002) defined this as the 
metastructure. The metastructure is important in determining the function and behaviour of 
patches (Poole, 2002); if patches are re-arranged along a river’s course, this would impact the 
ecological dynamics of the system, even if the relative proportions of patches are unchanged 
(Fisher et al., 1998). Biodiversity may even be higher at the often heterogeneous patch 
boundaries (Ward and Weins, 2001).  
The framework for integrating patch mosaics has been defined as the hierarchical 
patch dynamics view (HPD), which frames the fluvial system as nested and discontinuous 
patch mosaics (Fig 2.5; Poole, 2002). One benefit of this structure is its ability to include the 
various river dimensions; according to Ward (1989), there are four, including the lateral, 
longitudinal, vertical, and temporal dimensions (Fig 2.5). The temporal scale is especially 
important, as rivers are constantly adjusting with season, climate and changes in the 
catchment. This framework views rivers as part of the landscape, not as separate entities, 


















Figure 2.5.  Hierarchical patch dynamics view (HPD), which conceptualizes the fluvial system as nested and 
discontinuous patch mosaics (on the left), and the four dimensions of a river modified from Ward (1989; on the right).  
2.4  Tropical Stream research 
 
Tropical stream research is underrepresented compared to temperate stream 
research; for example, 94% of studies published in the Journal of Freshwater Biology were 
conducted in North America, Europe, Australia and New Zealand (Hildrew and Townsend, 
2007). Although in recent years there has been a drive to increase the geographic 
representation of stream research, the tropical regions continue to be underrepresented 
(Dudgeon, 2015). The schematic in Fig 2.6 illustrates some of the main developments in 
tropical stream research and those that are most relevant to this thesis. Overall, few tropical 
stream studies have focused on macroinvertebrate distribution with regard to hydro-
geomorphology (Fig 2.6). Research in this area is limited by taxonomic uncertainty, which is 
caused by a lack of identification guides and consequent difficulties for non-specialists to 
identify tropical species (Jacobsen et al., 2008). Accordingly, Jacobsen et al. (2008) have argued 
that to improve understanding of macroinvertebrate ecology in tropical streams, taxa should 
be identified to the family or sub-family levels, and then morphotyped. Significant insight 
into ecosystem functions can still be gained at this limited identification level.     







Figure 2.6.  Key tropical studies with a focus on benthic macroinvertebrates; studies have been dominated by those 
conducted in a few countries and regions. Countries are highlighted in various colours.   
 
Benthic communities are rather different in tropical streams relative to other biomes 
with more substantial herbivorous fish, shrimp and tadpole populations (i.e. 
macroconsumers; Power, 1984; Flecker, 1992). Amphibians in tropical streams are more 
diverse and have been shown to directly influence the availability of algal resources, with 
tadpoles being classed as ecosystem engineers, modifying benthic habitats for other species 
(Flecker and Taylor, 2004). Pringle and Hamazaki (1997) found that the natural assemblages 
of omnivorous fish control periphyton levels and reduce the impact of frequent high-
discharge events. Grazers play a very important role in clearing deposited sediments from 
benthic substrates after flood events (Power, 1984; Flecker, 1992). Without grazing 
communities, sediment deposition would cover benthic surfaces, which would limit light 
availability to the lower strata of periphyton. In low-nutrient systems, which include many 
tropical rainforest streams, macroinvertebrate and macroconsumer excrement may also be a 
source of nutrients for the periphyton.  







(India: Hora, 1923, 
1927, 1936) 
Longitudinal studies 
(Malaysia: Bishop 1973; 
Sri Lanka: Starmuhlner, 
1984a; 1984b; Sehal, 
1983; Caddisflies, 
Thailand: Malicky and 
Chantaramongkol, 1993a; 






Diversity of Plecoptera 
families is reduced in 
tropical streams (Hynes, 
1976) 
Lepidoptera (Pyralidae) 
make up a large 
proportion of 
macroinvertebrate 
biomass in Sri Lanka, 
Sulawesi, Papua New 
Guinea (Reicholf, 1973; 
Dudgeon, 1990a; 1994b).  
Macroinverebrate communities 
in biotopes  (Odonata of 
Malaysia and S.E Asia: 
Furtado, 1969; Quentin 1973; 
Malaysia: Bishop, 1973a) 
RCC, paucity of shredders (Hong 
Kong & Papua New Guinea: 
Dudgeon, 1984b; Nepal: Ormerod et 
al., 1994; Taiwan- Yang et al., 1990) 
although disputed in Australia 
(Cheshire et al., 2005).   
Diel and seasonal fluctuations 
in macroinvertebrate drift similar 
to temperate systems  
(Malaysia: Bishop, 1973a; Hong 
Kong: Dudgeon, 1983c, 1990c; 
Nepal: Brewin and Ormerod, 
1994).  
Flood pulse concept (Amazon basin: 
Junk et al., 1989) 
Algae is a significant contributor to food 
webs in tropical systems (Puerto Rico: 
March & Pringle, 2003) 
Top down control by fish & shrimps exerts strong 
influence on benthic organic matter, nutrients and 
algae (Costa Rica: Wooten & Oemke, 1992; 
Venezuela: Flecker et al, 2002; Puerto Rico: 
Pringle & Blake, 1994; Hong Kong: Yam and 
Dudgeon, 2005a) 
Organic matter 
breakdown by physical 
processes (Fisher, 1983; 
Rounick and Winterbourn 
(1983) 
Shrimp larvae constitute the main part of 
invertebrate drift (Costa Rica: Pringle & Ramirez, 
1998; Sulawesi: Dudgeon, 2006) 
Temperatures may be associated 
with higher macroinvertebrate 
mutation rates and shorter 
generation times (Rohde, 1992).   
Invertebrate densities and richness 
increased during the wet season 
(Hong Kong: Dudgeon, 1993) 
Many life histories are multivoltine  (e.g. 
Malaysia: Bishop, 1973; Borneo: Zwick, 
1976; Australia: Marchant, 1982a,b; Hong 
Kong: Dudgeon 1995a,b)  
Secondary production of 
aquatic insects is not high 
(Hong Kong: Dudgeon, 1999b, 
Philippines: Bright, 1982; Papua 
New Guinea: Yule and Pearson, 
1996)  
Leaf litter processing is driven by purely 
physical and microbial processes (Korsrae, 
Micronesia: Benstead et al., 2009; Costa 
Rica: Irons et al., 2004).   
Omnivorous fish play a key role in maintaining the 
stability of algae assemblages & resistance to 
storm events (Costa Rica: Pringle and Hamazaki, 
1997) 
Structure and production of benthic insects is 
the result of interactions between discharge, 
habitat type and macroconsumers (Costa Rica: 
Ramirez and Pringle, 1998) 
Inconsistent effect of shrimp on macroinvertebrate 
communities (Hong Kong: Ho & Dudgeon, 2016; 
Puerto Rico: Ramirez & Hernandez-Cruz, 2004; 
March et al., 2001)  
Predation and competition are less 
important in highly disturbed streams, 
including many tropical systems (Malaysia: 
Bishop, 1973; Brunei: Sheldon, 2011; Hong 
Kong: Yang & Dudgeon, 2010).  






A hierarchy of factors can affect macroinvertebrate populations, including water 
chemistry (Everaert et al., 2014), supply of functional habitats (Harper et al., 1995) and 
macroconsumers (Pringle and Hamazaki 1998). However, Dudgeon et al. (1993) argue that 
flood events reset benthic densities. In many tropical regions, intense rainfall frequently 
occurs in the late afternoon, causing water levels to rise dramatically over a brief period of 
time. Flood events can cause scouring of functional habitats (including leaf litter and algae) 
and the movement of sediments, thus reshaping the channel and influencing low flow 
biotopes and habitats. These regular precipitation events can affect animal populations by 
direct physical removal or by indirectly washing out in-stream functional habitats (Bond and 
Downes, 2000). However, unlike in other biomes, the tropics are aseasonal forests; therefore, 
trees shed their leaves throughout the year, providing a continuous supply of allochthonous 
material. Bishop (1973) suggests that these constant but unstable functional habitats 
combined with non-seasonal life cycles suppress macroinvertebrate population densities. 
Traditionally, flooding is considered a disturbance event, but in frequently flooded river 
systems, perhaps it should not be classed as a disturbance. By using some of the eco-
hydromorphology classification models described in this chapter, this thesis attempts to 
increase the current understanding of how macroinvertebrates negotiate habitats in tropical 
streams.   
2.5 Summary 
 
Most of this thesis is based on survey data, rather than experimental manipulations, 
in order to describe the nature of the relationship between the stream biota (predominantly 
macroinvertebrates) and physical variables. The author understands the limitations of these 
surveys and the specific limitations of data based on species densities without taking into 
account population densities, which are determined by vital rates, including those of births, 
deaths and migration (Anderson et al., 2006; Lancaster and Downes, 2010; Rice et al., 2010). 
However, as Lamouroux et al. (2010) point out, although a better understanding of the 
complex biophysical interactions underpinning the abundance–environment relationships is 
necessary, models are always simplifications that compromise complexity, relevance and 
realism. Tropical systems are complex and filled with many interactions; in order to 
conceptualize and understand these processes, there is a need to reduce some of this 
complexity. There is an understanding of the limitations of abundance–environment 






relationships, i.e. they are evidence for correlation, not causation. Accordingly, this thesis 
uses both statistical and conceptual models to analyse the stream systems of Ulu Temburong 
National Park. Biotopes in particular provide a physical framework to sample 
macroinvertebrate communities; this is an appealing classification system because of its 
simplicity, permitting identification by observing surface water features. This allows the 
discontinuity concept to be investigated, while assessing the effect of tributaries and 
waterfalls on functional habitats and macroinvertebrate communities. 






Chapter 3: Background to Research Sites in Ulu 
Temburong National Park 
 
3.1 General Introduction 
 
This chapter describes Brunei Darussalam with a focus on Ulu Temburong National 
Park, where the research presented in this thesis was conducted. Fieldwork was carried out 
at two locations in Brunei Darussalam, in streams surrounding Bukit Pagon and Kuala 
Belalong Field Study Centre (KBFSC). This chapter provides an overview of the climate and 
landform processes as well as an introduction to the rivers and streams of Ulu Temburong 
National Park, including a description of the main study sites.    
3.2 Introduction to Brunei 
 
Brunei Darussalam is an oil rich microstate in the northwest of Borneo Island, 
covering an area of 5,765 km2 (Fig 3.1). The country has an abundance of natural areas, with 
59% and 22% of its area covered in primary rainforest and secondary forests, respectively 
(Bryan, 2013). Its total population is 392,000, of which 25% is rural, with most people living 
along the coastal urban areas (FAO, 2014). Fieldwork was conducted in the Temburong 
district (1,288 km2) of Brunei, which is physically separated from the rest of Brunei by a 
narrow region of Sarawak, Malaysia (Fig 3.1). Most of the Temburong district is covered in 
primary rainforest and the Southern part is composed of Ulu Temburong National Park, 
with few if any Bruneians inhabiting the reserve (Cranbrook and Edwards, 1994). The region 
is a roadless and unlogged catchment (Sheldon, 2011), making the area increasingly unusual 
in Borneo. This thesis project is focused on streams draining Mt Pagon and those around 
Kuala Belalong Field Study Centre (KBFSC). Mt Pagon is situated in a very remote location, 
with access possible by helicopter or through many days trekking; therefore, only two stream 
reaches in this remote area were studied. KBFSC is more accessible, at 30–60 minutes from 
the nearest inhabited area by long boat depending on water levels; therefore, most fieldwork 
was conducted in this area.   
 
 







Figure 3.1.  Borneo Island is divided into three countries, Indonesia, Malaysia and Brunei (on the left). Brunei 
Darussalam is shown; note that the country is split into two parts with Sarawak (Malaysia) separating the Temburong 
district from the rest of the country (on the right). The capital, Bandar Seri Begawan, is situated in the larger section of 
Brunei. Bangar is the largest town in the Temburong district.    
 
3.3 Climate in Brunei and Ulu Temburong National Park 
 
The humid tropics, such as Borneo, are characterized by frequent and intense storms 
that cause fluctuating river levels. Brunei has a tropical climate, influenced by the monsoon 
seasons of Southeast Asia (Dykes, 1996). During November, the intertropical convergence 
zone (ITCZ) moves south across the equator to sit above Indonesia; this causes Brunei to 
experience north-easterly winds from December to March, defined as the Northeast 
Monsoon (Dykes, 1996). The Southwest Monsoon occurs over Brunei from June to 
September as the ITCZ moves north across the Equator causing southeast trade winds to 
be dominant in Brunei. As the direction of the monsoon winds are almost parallel with the 
coast, this causes rainfall seasonality that is apparent in long-term rainfall data, which shows 
peaks in May and November (coinciding with the ITCZ movement over Brunei; Fig 3.2). 
Annual rainfall is also influenced by altitude, with precipitation rising from around 2,300 mm 
per year on the coast to over 4,000 mm annually in the tropical rainforest mountains 
(Cranbrook and Edwards, 1994). Despite the annual climate pattern coinciding with ITCZ 
movement, daily weather is often very erratic (Cranbrook and Edwards, 1994). This is even 
more pronounced in the rainforest, and Dykes (1997) argues that no month can be 
considered “dry” in Brunei, with every month of the year averaging over 200 mm of rainfall 
[based on monthly rainfall recordings from Semabat (1973–1991) and KBFSC (1991–1992)]. 
Dykes (2000) states that the Belalong area is particularly wet, even relative to world rainforest 
levels, with 240 rain days per year.  







Figure 3.2.  Average rainfall and seasonal wind directions caused by the movement of the intertropical convergence 
zone. This image is from the Curriculum Development Department, Ministry of Education, Brunei Darussalam. The 
author has added the location of the two fieldwork sites, Kuala Belalong Field Study Centre (KBFSC) and the base 
camp for the Bukit Pagon expedition.  
 
Rainfall patterns around Belalong tend to be dominated and caused by 
thunderstorms, with warm, moist air rising to create dense clouds. Several convection cells 
may develop together with their condensation causing heavy rain. Often these storm events 
can be very localized; during the Brunei Rainforest Project (1991–1992) led by the Royal 
Geographical Society and Universiti Brunei Darussalam, researchers recorded on the 18th 
of November 1991, 63.5 mm of rain fall at KBFSC, but only 19 mm less than 10 km away 
at Bukit Belalong (Cranbrook and Edwards, 1994). The typical intensity profile of storms is 
characterized by most rain falling within approximately one hour. The most intense storm 
recorded during the Brunei Rainforest Project (1991–1992) was on the 19th of September 
1991 when 116.5 mm of rain fell in 75 minutes (Cranbrook and Edwards, 1994). Although 
most rainfall events lack the power to move large rocks and change biotope structures, these 
events do transport significant amounts of bedload and scour epilithic algae (Sheldon, 2011). 
Fine layers of sediment are then deposited on rocks, coinciding with the falling limb of 
hydrographs; it is unclear whether the removal of this sediment is then caused by grazing 
fishes (Sheldon, 2011). Significant reductions in temperature occur during storm events, and 
although not all rainfall events are accompanied by such reductions in temperature, Dykes 
KBFSC 
Pagon 






(2000) found that a fall of 4°C in an hour is not uncommon. This can be explained by the 
heat energy from the air being dissipated through evaporation of rainwater from the wet 
forest canopy while light levels also decrease during storm events.  
On the coast, the average annual temperature is 27°C and tends to be slightly lower 
during the wet season because of increased cloud cover. Daily temperatures range from 22°C 
just before dawn to 32°C in the early afternoon (Cranbrook and Edwards, 1994). Around 
Belalong, during the Brunei Rainforest Project (1991–1992) the highest temperature 
recorded was 37.1°C, whereas the average for most months was about 26°C. Relative 
humidity at Kuala Belalong at night is normally between 98% and 100% (Cranbrook and 
Edwards, 1994), whilst the minimum daily relative humidity generally occurred during the 
early afternoon, coinciding with the highest temperatures (Dykes, 2000). During the field 
research period (i.e. 2012–2014), average temperatures were relatively consistent at the 
KBFSC weather centre, apart from high temperatures at the end of 2013, when there was a 
peak in temperature that coincided with a decrease in total precipitation (Fig 3.3). Total 
monthly rainfall fluctuated over the months, with a general pattern of higher precipitation 
during November and April to May.  
 
Figure 3.3.  Average temperature (top graph) and total precipitation (bottom graph) recorded at the weather centre 
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3.4 Landform processes in Ulu Temburong National Park 
 
Brunei is situated in a geological zone where eroded sediments from an older 
landmass to the south were deposited off shore from an old coastline that was to the 
southeast of the current coastline (Dykes, 1994). The present coastline of northern Borneo 
has been posited to be a former continental margin, consistent with the geology of the Ulu 
Temburong National Park, which is composed of sedimentary rocks, laid down 
approximately 16–30 million years ago as deltaic and marine deposits (Dykes, 1994). 
Subsequently, the area has been folded as the apparent result of an uplift that took place 
slowly but continuously, at a rate of 20 mm per century over the past two million years 
(Dykes, 1994). Erosional processes that have occurred with this uplift have produced a sharp 
topography characterized by a high degree of relief. The bedrock is composed of steeply 
dipping bedding planes, which influences the shape and steepness of the valley slopes and 
ridges (Dykes, 1994). Owing to the geological structure in the southeast of the Temburong 
district, the drainage pattern of local rivers all flow north westerly, with generally short 
tributaries joining from each side, forming a trellis pattern (Dykes, 1994).  
The landscape of Ulu Temburong National Park is dramatic, with KBFSC at 30 m 
above sea level and Bukit Pagon, the highest mountain in Brunei, rising to 1,850 m above 
sea level. Belalong reaches 913 m above sea level, with the stream network travelling down 
the mountain to Kuala Belalong over a relatively short distance. The topography is composed 
of deep V-shaped valleys with no floodplains. The slopes and channels are coupled, which 
causes the sediment, water and nutrients to be conveyed straight from the surrounding 
catchment to the stream system (Brierley and Fryirs, 2008). High waterfalls are common 
along the tributaries and some smaller channels may only flow during rainfall events. Climate 
affects the physical landscape, with soil erosion and landslides being the dominant 
geomorphological processes that follow rainfall (Dykes, 2000). The rate of weathering and 
soil production is higher than the rate of long-term transport by water and gravity, which is 
the case in many humid tropical regions; this causes accumulation of organic material on the 
hillslopes (Dykes, 1994). There are two types of landslides that occur at Belalong, shallow 
and deep seated, with the later often involving an entire section of hillslope (Dykes, 1994; 
Fig 3.4A). Landslides have many important ecological implications; a pulse of sediment to 
the rivers and streams changes the channel geomorphology, increases turbidity and adds 






nutrients to the otherwise nutrient-poor system (Fig 3.4B). Landslides also create gaps in the 
forest, allowing light to penetrate down to the streams.  
 
Figure 3.4.  (A) Schematic illustrating shallow and deep-seated landslides. (Image from Thinktheearth.net) (B) 
Shallow landslide that occurred along Sungai Esu in 2014.  
3.5 Rivers and streams of Ulu Temburong National Park 
3.5.1 Geomorphology and physical factors 
 
The Sungai Temburong drainage basin occupies 1,100 km2 and is the third largest 
catchment in Brunei. Geomorphic features such as waterfalls, channel slopes and pool 
depths develop over time, shaped by the hydrological power, weathering and faulting 
(Covich et al., 2009). They have created a habitat template for the flora and fauna as well as 
a hierarchical organization that can change the paths of migratory species under different 
flow conditions (Covich et al., 2009). It is important to understand these landscape-level 
dynamics for the management of benthic species because of the complexity of stream 
ecosystems and assembly of food webs (Covich et al., 2006; Jackson and Fureder, 2006). The 
rivers in the Temburong catchment incise into the uplifted landmass headwaters from the 
sea; this progression is indicated by the presence of waterfalls (Dykes, 1994; Fig 3.5). Today, 
waterfalls are present along the smaller tributaries, which have the lowest erosive capacity, 
with few tributaries incising all the way to the headwaters. Another feature of an incising 
channel is the regular supply of sediment, which can only be transported during the highest 
floods (Dykes, 1994). This sediment eventually accumulates at the confluence as tributaries 






supply too much for the main river to transport; this protects channel beds from the rivers’ 
energy in causing downward incision (Dykes, 1994). Most boulders and pebbles in the 
catchment are fresh (dark grey) or weathered (orange/pink) shale with some grey-yellow 
sandstone that has been transported from the headwaters in the southeast. Debris dams and 
single tree trunks are also common in the streams, creating in channel habitats and 
heterogeneity of flow, with pools and sediment accumulating behind them (Fig 3.5).  
 
 
Figure 3.5.  Waterfalls in the tributaries of Sungai Temburong (top photos). Large debris dam (bottom left) on 
Sungai Esu, and a single tree trunk changing the flows (bottom right) from Sungai Engkabang.  
 






Intense rainfall frequently occurs in the late afternoon, causing water levels to rise 
rapidly over a short time period. This creates a continuum of conditions across two distinct 
environments (Fig 3.6). During low flows, tropical streams are complex systems with a mix 
of flow biotopes (e.g. pools, riffles and cascades) and functional habitats (e.g. wood debris, 
leaf litter, cobbles and gravel). Conversely, during a flood event, streams become 
homogeneous, with rising water forming a uniform flood biotope. As the main river expands 
in size, discharge increases and hydraulic damming and ‘backup’ occurs in the tributaries, 
with the main river flowing up the tributaries, until reaching a waterfall or sufficiently steep 
cascade. The base flow of some of the rivers and streams of the Ulu Temburong National 
Park are very low, and during dry weather, their channels may be reduced to a string of 
shallow pools (Fig 3.6). However, after a storm event, it is not unusual for river levels to rise 
by 3.5 m within an 8-hour period, this phenomenon being more pronounced in the deeply 




Figure 3.6.  Schematic illustrating how a tropical river channel changes from low to high flows, often daily. Low flow 
channel width is shown as thick dark black lines with the high flow channel width shown as dashed black lines. Blue 
arrows represent the water flow direction. Water can rise and fall within hours. Low flows support a mix of habitats 
and biotopes; high flows create a homogeneous channel and backs water up into the tributaries. Frequent landslides are 
a source of sediment and nutrients; waterfalls are a longitudinal block for animals and cause hydrologic disconnection 
from the main channel.  
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Evidence of frequent storm events is shown in Figure 3.7. In April 2013, a debris 
dam measuring tens of meters in size was recorded at the confluence of Apan Tulan and 
Threelan (Fig 3.7A).The debris dam had been scoured out by the time fieldwork was 
recommenced one year later. Anecdotal evidence from the local boatmen suggests it was 
washed out during one large storm event in January 2014 (Fig 3.7B). In April 2016, hydraulic 
back flow occurred with Temburong flowing up Belalong (Fig 3.7C). The restricted river 
channels prevented Temburong from expanding laterally; therefore, once the water reached 




Figure 3.7.  Evidence of the frequent powerful flows on Sungai Temburong and Sungai Belalong (A) A large debris 
dam on Sungai Temburong in April 2013, with a (circled) man for scale. (B) Photo taken in the same place but one 
year later, after the debris dam had been washed away. (C) Water flowing up Sungai Belalong after a storm event on 
Sungai Temburong. The photo was taken at Kuala Belalong Field Study Centre (KBFSC), which is approximately 
300 m from the confluence. Video shown here: https://goo.gl/P1Z1i7. Photo credits: (A) and (B) were taken by 
the author, and (C) was taken by Teddy Chua (KBFSC manager).  
 
In the smaller streams, the dense forest canopy prevents light from penetrating down 
to the channel. Cranbrook and Edwards (1994) found that often only 2–15% of visible light 
reaches the water surface. Despite this, there is diverse flora, and in the fast flowing sections, 






algae is attached to submerged rocks, roots and plant stems. Bacteria and fungi are also 
important, with the later growing on submerged dead leaves (Cranbrook and Edwards, 
1994). There are no aquatic macrophytes, but the banks and boulders do harbour rheophytes 
(Choy and Chin, 1994). The pH of the streams and rivers in Belalong is normally neutral, 
and the dissolved oxygen in the fast flowing areas usually exceeds 90%; however, in the 
lowland areas with high temperatures, fully saturated waters may contain only a few 
milligrams of oxygen per litre (Cranbrook and Edwards, 1994). As a consequence of leaching 
from soil and decaying organic matter, the sulphate content is usually high while levels of 
calcium and magnesium are usually low; this impacts biota such as molluscs and crustaceans. 
Phosphate is very scarce, as the forest is a closed system, with nitrogen levels being slightly 
higher and predominantly composed of ammonium and organic nitrogen (Cranbrook and 
Edwards, 1994). In a pilot study, both nitrate (<0.55 mg l-1) and phosphate (<0.08 mg l-1) 
were found to be below the level of detection. Water quality can have a substantial impact 
on benthic communities and ecosystem functions (Giller and Malmqvist, 1998; Everaert et 
al., 2014); therefore, the high water quality in the study catchments and any variation in 
ecosystem structure and function must be assumed to be attributable to natural factors.  
3.5.2 Background community structure 
 
Choy and Chin (1994) recorded 44 species of fish belonging to 10 families and 30 
genera from the headwater streams of Belalong and Temburong; 52% of these species are 
endemic to Borneo with the dominant fish families being Balitoridae and Cyprinidae. 
Gastromyzon (sucker fish), which are endemic to Borneo, are dorsoventrally flattened with 
enlarged pelvic fins that create adhesive pads; enabling them to cling onto rocks in fast flows 
(Sheldon, 2011; Fig 3.8). These grazing fish eat cyanobacteria, diatoms and filamentous algae. 
Sheldon (2011) found that visitation rates to algae-covered rocks were nearly four times 
higher relative to scrubbed ones.  
There appears to be ecological zonation of fish and shrimp in the streams of Ulu 
Temburong National Park. Waterfalls are barriers to upstream colonization of fish, 
permitting shrimp and crabs to increase in density upstream. Cranbrook and Edwards (1994) 
found that 73% of fish species were found downstream of waterfalls. A mix of freshwater 
shrimp species from three genera occur in Ulu Temburong National Park (Wowor & Choy, 
2004; Fig 3.8). The most abundant are Macrobrachium (Decapoda: Palaemonidae), which are 






omnivorous but primarily predaceous (Wowor, personal communication). The other genera of 
shrimp include Caridina (Decapoda: Atyidae), which are normally present in the headwater 
streams, and Atyopsis (Decapoda: Atyidae), which are found in streams with strong currents 
(Wowor & Choy, 2001).  
 
 
Figure 3.8.  Gastromyzon in in a pool in Sungai Baki (top left) and grazing scars in contrast to the fine layer of 
sediment that covers most of the rock (top right). Shrimp in Sungai Belalong (bottom left) and a flattened Mayfly 
Heptageniidae (bottom right). Images taken by the author.  
 
During the Rainforest Project (1991–1992), there were no quantitative studies 
conducted on the aquatic macroinvertebrate populations, and since this expedition, there 
have been few published studies that have focused on specific orders, with the limited 
research focused on Odonata, Plecoptera and Hemiptera (e.g. Zettle and Lane, 2010; Stark 
and Sheldon, 2009; Orr, 2001). The only published study that assessed the biogeography of 
macroinvertebrates in the Ulu Temburong National Park focused on Zygoptera (Orr, 2001). 
Meanwhile, there have been no published studies on macroinvertebrate community structure 
in the streams of Ulu Temburong. Due to the lack of identification keys for this thesis I have 






been identifying macroinvertebrates down to the lowest taxonomic level then collaborating 
with taxonomists and research groups around the world (including the Natural History 
Museums in London, Singapore, Vienna and Lausanne,) to confirm my identifications and 
contribute to global taxa records. When the macroinvertebrates have not yet been described 
I created morphotypes.   
3.6 Summary 
 
The fieldwork presented in this thesis was conducted over three years. The first 
fieldwork trip was in July 2012 to Bukit Pagon, Brunei’s highest mountain (Chapter 4), while 
the second (April to May 2013) and third (May to July 2014) research trips were to streams 
near to KBFSC. Chapter 4 describes a survey of macroinvertebrate communities inhabiting 
two streams conducted as part of the research expedition organized by the International 
Consortium of Universities for the Study of Biodiversity and the Environment and the 
Universiti Brunei Darussalam to Bukit Pagon. Chapter 5 gives a broad introduction to the 
macroinvertebrate communities of Temburong and Belalong, the largest rivers in Ulu 
Temburong National Park, and Chapter 6 is an investigation of the effect of Temburong and 
Belalong on their tributaries. Chapters 7 and 8 are focused on four tributaries, including Esu 
(a tributary of Belalong), Apan Threelan, Baki and Lower Apan (all tributaries of Temburong; 
Fig 3.9). These tributaries were generally steep with a mix of biotopes, including numerous 
waterfalls. Chapter 7 characterizes the effects of biotopes on macroinvertebrate community 
structure, and Chapter 8 examines aquatic communities, litter decomposition and periphyton 
growth rates for above- and below-waterfall pools. Chapter 9 presents a stable isotope 
analysis and gut contents analysis to investigate the trophic structure of dominant 
















Figure 3.9.  Brunei, with the Temburong district shown on its eastern side (top map). The southern part of the 
Temburong district is Ulu Temburong National Park, Kuala Belalong Field Study Centre (KBFSC) and Pagon base 
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Chapter 4: Eco-Hydromorphic Classification for 
Understanding Tropical Stream 




It is widely recognised that interactions between hydrology, sediment dynamics and 
river morphology controls the size, pattern and habitat structure of river channels (Brierley 
et al., 2013; Villeneuve et al., 2015). These linkages are responsible for making the river 
channel highly diverse, due to the different and specific composition of the patches, which 
support diverse macroinvertebrate communities (i.e. eco-hydromorphic complexity; sensu 
Townsend 1996, Hannah et al., 2004). Consequently, eco-hydromorphology plays a crucial 
role in comprehending the spatial and temporal diversity of river habitats. Classification and 
mapping of eco-hydraulic patch complexity provides a robust technique for exploring how 
stream habitats are formed and maintained (Poff and Ward 1989; Hart and Finelli 1999; 
Bunn and Arthington 2002). In temperate streams, eco-hydrogeomorphology has become a 
cornerstone for investigating ecological patterns, with flow widely recognised as the master 
variable which regulates community structure of both vertebrates and invertebrates (Poff 
and Ward 1989; Hart and Finelli 1999; Stubbington et al., 2009). In contrast, few studies have 
examined eco-hydromorphic complexity in tropical streams (however see: Ramírez and 
Pringle 1998; Boyero 2003; Boulton et al.,. 2008; Principle 2008; Md Rawi et al., 2014).  
Classification concepts organise information, providing a systematic and repeatable 
method to view the eco-hydrogeomorphic complexity of stream ecosystems (Brierley and 
Fryirs 2008). One approach to classifying stream habitats is to describe a set of biotopes 
(Jowett 1993; Wadeson 1995; Padmore 1998; Newson and Newson 2000; Clifford et al., 
2006). A biotope is defined as a “habitat assemblage with a characteristic range of temporally 
variable hydraulic and substrate characteristics which can be associated with the 
morphological units” (Wadeson 1995, p7). As such, biotopes are a useful classification tool 




1 This chapter is published in the Journal of Zoological Studies 
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as they can be observed as river surface flow features (flow/hydraulic biotopes; Table 2.1) 
such as riffles and pools, which reflect combinations of sediment, depth and velocity 
associated with the organisation of the river bed (i.e., physical biotope; Harvey et al., 2008). 
In the tropics, biotopes have been used as a sampling framework for a few studies (Furtado 
1969; Quentin 1973; Dudgeon, 1994), while some studies have examined pools and riffles to 
assess longitudinal assemblage structure in tropical rivers (e.g., Furtado 1969; Bishop 1973; 
Rundle et al.,. 1993; Greathouse and Pringle 2006). However, there has been little research 
on how the structure, composition and pattern of biotopes affect macroinvertebrate 
biodiversity (Ramírez and Pringle 1998; Boyero 2003; Cheshire et al., 2005; Md Rawi et al., 
2014).    
Along with biodiversity, macroinvertebrate size structure within biotopes is 
important because body size influences many ecological processes (Schoener 1986). For 
example, macroinvertebrate size structure affects the structure and dynamics at the 
community level as it influences potential resource use and impacts predation rates (Schmid 
et al., 2000; Woodward and Warren 2007). Differences in macroinvertebrate size structure 
have been found in runs and riffles in Costa Rica and these differences were suggested to 
indicate different ecological functions at the biotope scale (Principe 2008). Despite there 
being numerous studies on macroinvertebrate size structure in temperate streams (e.g., 
Lafferty and Kuris 2002; Woodward et al., 2005; White et al., 2007; Dial et al., 2008) there are 
few tropical streams studies that have focused on macroinvertebrates community size 
structure in different biotopes (however see Principe 2008).  
Quantification of habitat use assists in the prediction of macroinvertebrate responses 
to changes in habitat availability (Hawkins et al., 1993). Extrapolation of ecosystem models 
based on temperate streams may not apply to tropical systems and management techniques 
used in temperate areas may not work or potentially damage tropical systems (Boulton et al., 
2008). Therefore, the aim of this chapter is to investigate patterns of macroinvertebrate 
biodiversity and size structure using the Biotope concept.  
4.2 Methods  
4.2.1 Study Sites 
 
This project was part of an expedition to Bukit Pagon (1850m), Brunei’s highest 
mountain. The main goal of the expedition was to conduct a systematic study of the 
environment and biodiversity of high altitude primary rainforest in Brunei (Fig 4.1A). Prior 
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to this expedition, no previous scientific studies had been conducted. Base camp was situated 
on the slopes of Bukit Pagon (4º33'614"N, 115º26'153"E), set up at an elevation of 862 
m.a.s.l and 30 km away from the nearest road and only accessible by helicopter (Fig 4.1A).  
 
 
Figure 4.1.  Map and schematic of study sites A) Map of Borneo Island in S.E Asia with Brunei highlighted.  B) 
Plan view schematic of the two study sites, tributary of 61a (left) and stream 61a (right). 
 
The dominant vegetation type was sub-montane heath forest (Ahmad Sah et al., 
2006). The study reaches were less than 10% in gradient with no waterfalls present. Two 
streams close to the base camp were the focus of this study (stream 61a and tributary of 61a; 
Fig 4.1B). In each stream, three repeating fast/slow habitat units being approximately 50-
meters in length defined the reach. Sampling took place from 4-6th July 2012. Stream 61a was 
a larger stream with its tributary entering it upstream of the designated study reach.  
4.2.2 Field Methods 
 
The fast/slow habitat units in each reach were mapped as biotopes (pools, riffles and 
runs) by observing river surface features (Newson and Newson 2000, Parasiewicz 2007; 
Table 2.1). For each biotope a formal cross-section of velocity and depth was taken every 
0.5m following common methods described by Gorden et al (2004). In addition both wetted 
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width (defined by the area of stream channel filled with water) and bank-full width (defined 
by the width of the river during high discharge) was measured. Channel dimensions were 
measured with surveying tapes and metre sticks. Stream velocity was measured at 60 % depth 
as suggested by Gordon et al (2004), using an electromagnetic flowmeter (Valeport® model 
801; Valeport Ltd., Totnes, UK). Discharge (Q) was calculated for each stream using the 
following equation:  
 
Discharge (Q) m3 s-1=Velocity (V) ms-1 x Cross sectional Area (A) m2 
 
For the whole biotope unit, the benthic substrate was assessed visually using a 
collapsed version of the Wentworth scale categorising the percent coverage of gravel, cobble, 
boulder and bedrock (Gorden et al., 2004). The presence or absences of wood debris, leaf 
litter, and moss in all biotopes were also recorded. Benthic macroinvertebrates were sampled 
in each biotope using a Surber sample (0.10m2; 1mm mesh) with three replicates taken 
randomly in each biotope. Due to low densities of macroinvertebrates, three samples in each 
biotope were composited to create one intact sample. 
4.2.3 Laboratory Methods 
 
Macroinvertebrate samples were processed in the field in 70% Ethanol. Once 
exported to the UK, collected individuals were identified to the lowest practical taxonomic 
level, enumerated and measured to the 0.5 mm under a microscope. Identifications were 
conducted mainly using taxonomic keys from Dudgeon (1999) and Yule and Yong (2004b). 
However, given the paucity of macroinvertebrate taxonomic knowledge in Borneo, open 
source identification methods were used. Specifically, taxa were photographed, highlighting 
the distinguishing morphologies and uploaded onto the Flickr website 
(flickr.com/photos/tropical-streams/sets/) where interested experts could comment on 
specimens. This method was a useful tool to confirm identifications via input from 
appropriate research groups and taxonomists from around the world. Most taxa were 
identified to genera or morphotyped to similar level. Some taxa, particularly specimens in the 
Orders Coleoptera and Diptera, which are significantly under researched in northern Borneo, 
could only be identified to the family level (Manfred, personal communication, 2014; Yule 
2004).  
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Body lengths (not including appendages and setae) of sampled individuals were 
measured to the nearest 0.5 mm to estimate taxa-specific ash free dry mass (AFDM) using 
length- mass regressions (Benke et al., 1999; Sabo et al., 2002; McNeely et al., 2007). In cases 
where no taxa-specific equations exist, estimates were made using equations from taxa with 
similar body shape following Ramírez and Pringle (1998). Where only dry mass (DM) 
estimates are available, values were converted to AFDM following Waters (1977). Individual 
body lengths were also used to investigate patterns of macroinvertebrate size structure 
between the biotopes. Macroinvertebrates were placed into 6 size classes: I= >0-2mm, II= 
2.1-4mm, III=4.1-6mm, IV= 6.1- 8mm, V= 8.1-10mm, VI= 10.1-20mm. 
4.2.3 Data Analysis 
 
To assess macroinvertebrate biodiversity, richness, density and biomass were 
quantified in all the fast and slow biotopes in each study streams. T-tests were used in this 
paper to compare the physical variables (width, depth and velocity) and biodiversity (mean 
density and biomass per unit area, and richness) between the tributaries and fast/slow 
habitats. The statistical analysis of T tests was chosen based on the distribution of the data 
(Thomas et al., 2013). Physical variable structure was examined within the biotopes using a 
hierarchical cluster analysis (dendrogram) carried out based on Gower Coefficient, which 
can handle nominal, ordinal, and asymmetric binary data (Gower 1971). Macroinvertebrate 
assemblage structure was also examined within the biotopes using a dendrogram but based 
on Bray Curtis Coefficient, a popular similarity index for ecological data (Borcard et al., 2012). 
Bray-Curtis similarity matrices calculated the compositional dissimilarity of sites based on 
the abundance and biomass of taxa at each site. Multi-dimensional scaling (MDS) analysis 
with the Bray-Curtis dissimilarity was used to test the robustness of groups defined by the 
dendrogram. A BIO-ENV (Clarke and Warwick, 2001) analysis was carried out to investigate 
which environmental variables best correlate with macroinvertebrate community structure. 
Similarity percentage analysis (SIMPER) was used to identify taxa, which contributed most 
to the average dissimilarity between biotopes. Kolmogorov-Smirnov test was used to assess 
any differences in the taxa size structure among the biotopes by comparing the general shape 
of distributions (Thomas et al., 2013). Statistical analysis was carried out in the statistical 
computing environment R (R Core Team 2013) using the Vegan, Cluster, and Labdsv 
packages.  
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4.3 Results 
4.3.1 Site Description 
 
In both study reaches, slow flow biotopes (pools) were interspersed with fast flow 
biotopes (riffles and runs; Fig 4.1B). The tributary had three pools, two runs and one riffle 
while the stream 61a study reach had three pools, one run and two riffles. Overall, both study 
reaches had similar average wetted widths of all the biotopes (tributary - 2.1 m; stream 61a - 
3.2 m; Table 4.1). However, average bankfull width of all the biotopes was twice as wide for 
stream 61a than the tributary (stream 61a - 7.0 m vs. tributary - 3.8 m). Average biotope 
depths between the two study reaches were similar (tributary - 0.09 m vs. stream 61a - 0.10 
m). Discharge was slightly higher at stream 61a (0.18 m-3 s-1) compared to the tributary (0.12 
m-3 s-1). However, average velocities were faster in the tributary (0.54 m s-1) compared to 
stream 61a (0.21 m s-1). 
 
Table 4.1.  Channel characteristics and physical conditions of the biotopes at stream 61a and at the tributary. Type 


















Slow flows C G B BR 
S.Pool 1 6.20 3.47 0.37/ 0.23 -0.07 70 20 10 0 
S.Pool 2 6.40 2.90 0.38/ 0.18 -0.09 60 10 0 30 
S.Pool 3 6.70 2.65 0.13/ 0.06 -0.06 80 10 10 0 
T.Pool 1 2.50 2.50 0.22/ 0.15 -0.02 50 40 0 10 
T.Pool 2 4.70 2.50 0.21/ 0.10 -0.05 20 30 0 50 
T.Pool 3 3.16 2.60 0.16/ 0.11 -0.01 80 15 5 0 
Average 4.94 2.77 0.138 -0.05 60 21 4 15 
Fast flows         
S.Run 1 6.10 1.02 0.05/ 0.04 0.20 5 0 0 95 
S.Riffle 2 9.40 4.27 0.07/ 0.04 0.79 30 20 50 0 
S.Riffle 3 7.30 2.47 0.15/ 0.05 0.47 85 15 0 0 
T.Run 1 3.90 0.87 0.07/ 0.04 1.20 5 5 5 85 
T.Run 2 3.57 2.04 0.05/ 0.05 0.90 0 5 0 95 
T.Riffle 3 4.70 1.90 0.04/ 0.06 1.21 65 15 20 0 
Average 5.83 2.10 0.047 0.79 32 10 12 46 
 
Slow flow biotope wetted widths were approximately 1 metre less in the tributary 
compared with the stream, while bankfull widths ranged from 6.70 m (stream 61a-pool 3) to 
2.50 m (tributary- pool 1) as shown in Table 4.1. Fast flow biotopes, including riffles and 
runs, had wetted widths ranging from 4.27 m (stream 61a-riffle 2) to 1.90 m (tributary-riffle 
3), while bankfull widths ranged from 9.40 m (stream 61a-riffle 2) to 3.57 m (tributary-run 
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2). As expected, slow flow biotopes (0.06 m to 0.23 m) were deeper than fast flow biotopes 
(0.04 m to 0.06 m). Velocities in slow flow biotopes were mainly negative, while velocities in 
fast flow biotopes varied from 0.20 m s-1 (stream 61a-run 1) to 1.21 m s-1 (tributary-riffle 3). 
These physical measurements are summarised in Table 4.1.   
The tributary was constrained by the riparian bedrock, resulting in narrower bankfull 
widths and a smaller canopy gap with less sunlight reaching the channel (Fig 4.1B). This 
constrained reach also contained more wood debris (large and small), leaf litter packs and 
the associated build-up of fine sediments and organic debris. In contrast, the wider reach at 
stream 61a had more sunlight reaching the channel that promoted filamentous algae and 
moss in fast flow biotopes. Further, woody debris accumulated in one fast flow biotope 
(stream 61a-riffle 2; Fig 4.1B).  
The dominant substrate types in both study reaches were similar among slow flow 
biotopes with a mix of cobbles, gravel and boulders (Table 4.1). However, tributary-pool 2 
and stream 61a-pool 2 also had large amounts of bedrock. Substrate at the fast flowing 
biotopes varied with runs being primarily bedrock (> 80% coverage) and riffles being 
comprised of a mix of cobbles, gravel and boulders (Table 4.1).  
Dendrogram of the physical variables among biotope habitats (see Table 4.1) shows 
a 0.7 dissimilarity between the runs compared to other biotopes (Fig 4.2A). Variation in 
substrate type separated runs from the other habitats (i.e., runs being mainly composed of 
bedrock). As such, some pools and riffles clustered together due to similarities in their 
physical conditions. However, tributary-pool 2 shows a 0.3 dissimilarity from all other pools 
and riffles and is explained by the large amount of bedrock present (e.g., 50%).  
 
 
Figure 4.2.  Dendrogram of A) biotope physical conditions and B) biotope taxa abundance. The first letters represents 
the study site: S= Stream 61a, T= tributary. The second letter and the number represents the biotope sampling unit: 
R= run, RIF= riffle, P=pool. Letters in bold represent the fast flowing biotopes. 
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4.3.2 Biotope Taxa Distribution  
 
The two reaches were similar in terms of their overall macroinvertebrates biodiversity 
(Fig 4.3 and see Appendices Chapter 4a&b). Taxon richness was the same at both sites (p= 
1). Average density was not significantly different (p= 0.09), with Stream 61a having 85 ± 18 
individuals per m2 compared to 60 ± 8 individuals per m2 in the tributary. Average biomass 
(AFDM) was approximately 80% less in the tributary when compared to stream 61a 
(tributary: 38 ± 10 mg m-2; stream 61a: 167 ± 102 mg m-2), but no statistical differences were 
found between the two reaches (p= 0.25). The high average biomass at stream 61a is 
explained by the large Nepidae (Cercotmetus) found at SP3, without the water scorpion 
average biomass at stream 61a would be ~ 68 mg m-2. 
Differences in macroinvertebrate biodiversity were found among habitat types in the 
two study reaches (Fig 4.3). Slow flowing biotopes had significantly higher average richness 
(11) compared to the faster flowing biotopes (8) (p= 0.05*) and riffles had 38% more taxa 
than runs (11 versus 5). Macroinvertebrate densities were similar (p=0.86) among fast flow 
biotopes (average all fast habitats - 71 ± 18 individuals per m2; runs - 75 ± 31 individuals per 
m2; riffles - 66 ± 25 individuals per m2) and slow biotopes (74 ± 8 individuals per m2; Fig 
4.3). On average, macroinvertebrate biomass was lower in fast flowing biotopes (55 ± 21 mg 
AFDM m-2) than slow flow biotopes (149 ± 104 mg AFDM m2). However, there was no 
statistical difference between the fast and slow biotopes (p= 0.45). Pool biomass was 50% 
higher than the runs and 24% higher than the riffles.  
Dendrogram of taxa abundances showed a 0.9 dissimilarity between the 2 run 
biotopes (SR1 and TR1) and 1 riffle (SRIF3) with the rest of the biotopes. It also showed a 
0.8 dissimilarity between the other 2 riffles (SRIF2 and TRIF3) and all the pool biotopes (Fig 
4.2B). MDS ordination of taxon abundances (Fig 4.4) showed distinct community structure 
among the biotopes (stress = 0.01; Clarke and Warwick, 2001). 
The ordination identified three main groups of taxa, associated with the 3 biotopes: 
pools, runs, and riffles. Taxa found in pools were associated with wider wetted widths, gravel, 
cobbles, and deeper depths. The taxa found in runs were associated with moss, higher 
percentage of bedrock, and faster velocities. While the taxa found in riffles were associated 
with wider bankful widths, wood debris, leaf litter, and faster velocities. BIO-ENV shows 
the best single environmental factor that correlates to the taxa include cobble substrate (rank 
correlation=0.65), whilst the best 3 environmental factors combined were velocity, cobbles 
and gravel (rank correlation=0.70). As expected, pools had a strong association with depth 
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and a negative association with velocity, whilst riffles were least associated with depth and 
most related to high velocities (Fig 4.4). Cobbles, gravel, and leaf litter were associated with 
both riffles and pools. Bedrock and moss were most strongly associated with runs. 
 
 
Figure 4.3.  Bar plots with richness, density, and biomass of macroinvertebrates at the two study sites. Includes bar 
plots of stream 61a and tributary, the fast and slow flowing habitats, and the three biotopes (runs, riffles and pools). 
Error bars represent standard deviation (Stream 61a n= 6, tributary n=6, both fast and slow flowing habitats n=6, 
runs n=3, riffle n=3 and pool n=6). Significant differences between the fast and slow sites with richness (p=0.05*). 
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Figure 4.4.  MDS ordination with a BIO-ENV that shows the environmental variables that best correlate with 
macroinvertebrate community structure. The biotope names have been abbreviated with the first letter representing the 
study site: S= Stream 61a, T= tributary. The second letters represent the biotopes: R= run, RIF= riffle, P=pool. 
The environmental data in grey with G=gravel, CO= cobbles, LL= leaf litter, B= boulder, BR= bedrock and WD= 
wood debris, M=moss. Stress: 0.01. 
 
 
SIMPER analysis showed average similarity between taxa was highest in the pools at 
44% and lowest in the riffles at 27% (Table 4.2). In pools, Thalerosphyrus species 
(Ephemeroptera: Heptageniidae) contributed about 30% to the total similarity, followed by 
Eubrianax species (Coleoptera: Psephenidae) at nearly 20%. In the riffles average similarity 
was only 27%, with Gomphidae contributing 40% to the total. In the runs, where average 
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Table 4.2.  SIMPER analysis of the top taxa contributing to the observed similarities between the biotopes. Summary 









Pool: Average similarity: 44.09 
Thalerosphyrus 29.6 29.6 
Eubrianax 19.6 49.2 
Choroterpes 17.2 66.4 
Campsoneuria 9.5 75.9 
Chironomidae 5.8 81.7 
Run: Average similarity: 37.60 
Grouvellinus 78.3 78.3 
Platybaetis 6.1 84.4 
Helicopsychidae 6.1 90.5 
Riffle: Average similarity: 26.76 
Gomphidae 40.0 40.0 
Protohermes 20.0 60.0 
Campsoneuria 9.6 69.6 
Macronematini 9.6 79.2 
Thalerosphyrus 5.5 84.7 
Diplectrona 5.5 90.2 
 
4.3.3 Macroinvertebrate Size Structure in the Biotopes 
 
Average taxon lengths in the two reaches showed a similar pattern, with most taxa 
occurring in size class II (Fig 4.5). There was a significant difference (p=0.04) between the 
taxon lengths found in fast and slow flow biotopes. A larger proportion of taxa present in 
fast flow biotopes were found in the smallest size class. Differences in taxa length between 
the biotopes were also evident; significant difference between pools and runs (p=0.01) and 
between riffles and runs (p=0.01). Taxa present in runs were only found in the smallest three 
size classes, with the highest number of taxa in size class I. Pools and riffles had a similar 
distribution among size classes (p=0.10); the only difference being that taxa in riffles had a 
higher average number of individuals in size range I and size range VI.  
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Figure 4.5.   Length- frequency distributions of macroinvertebrates among stream 61a and its tributary, fast and 
slow biotopes, and among the three biotopes (runs, riffles and pools). Error bars represent standard deviation (Stream 
61a n= 6, tributary n=6, both fast and slow flowing habitats n=6, runs n=3, riffle n=3 and pool n=6). Significant 
differences found between the fast and slow sites (p= 0.04*), pool and runs (p=0.01) and riffles and runs (p=0.01) 
using Kolmogorov-Smirnov test.  
4.4 Discussion 
 
This project used the eco-hydrogeomorphic concept of biotope as a framework to 
investigate the biological and physical relationships of two streams draining Bukit Pagon. 
The sites were less than 100m apart, under the same environmental conditions of discharge 
regime, geology and climate, and as a result had very similar physical conditions. These 
similarities allowed for a critical examination of fast and slow flow biotope and the associated 
macroinvertebrate biodiversity.  
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At both study streams macroinvertebrate diversity was lower compared to a similar 
system in Malaysia (204 taxa; Bishop 1973). However, there are examples of tropical lotic 
ecosystems with values of richness close to those measures in my system, for example 53 
taxa were found in Sabalo stream, Costa Rica (Ramírez and Pringle 1998) and 52 taxa in the 
Rio Camuri Grande, Venezuela (Cressa 1998). However, comparing richness among all of 
these datasets should come with caution due to the incomplete knowledge of tropical 
macroinvertebrates and different sampling techniques (Jacobsen et al., 2008). For example, I 
used a large mesh size (i.e., 1 mm), which may have resulted in a loss of small taxa. However, 
these “missing taxa” would likely be chironomid taxa (Insecta: Diptera: Chironomidae) taxa, 
which are underrepresented in many stream ecology studies (Ferrington 2008; Armitage et 
al., 2012). 
Macroinvertebrate density and biomass were also low at the two study reaches, with 
average density of 72 individuals per m2 and average biomass of 102 mg AFDM m-2. Graça 
et al (2015) found an average of 150 to 300 individuals per m2 in eight headwater streams in 
Brazil, whilst Boyero and Bailey (2001) study on riffle habitats in Panama found an average 
density of 905 individuals per m2. The low densities in my study reaches may be explained 
by abiotic factors, with disturbance caused by flooding spates having a strong influence on 
macroinvertebrate diversity (Power et al., 1988; Resh et al., 1988; Death 2002). The study 
streams draining Bukit Pagon are similar to many tropical headwaters, characterised by 
frequent flashy storm hydrographs and spates which tend to lead to significant scouring of 
individuals that lack refugia from elevated flows (Boulton et al., 2008). Another reason for 
low densities in the tropics could be due to the higher levels of predation by both 
macroinvertebrates and fish (Fox 1977).  
Padmore (1998) highlighted that biotopes are not static units with most turning into 
deep runs under flood conditions. In Bruneian streams, this continuum of conditions can 
occur frequently, with daily storms during most months, creating two distinct stream 
environments. During low flows, Bruneian streams are complex systems with a mix of flow 
biotopes (pools, riffles, waterfalls) and other habitats (wood debris, leaf litter, cobbles, 
gravel). Conversely during flood events, these streams become homogeneous forming one 
flood biotope. As many tropical systems have this natural and consistent flow disturbance, 
other types of habitats become vital areas of refuge. This is especially true of habitats that 
can withstand scour, such as bedrock. Bank irregularities and flow obstructions such as large 
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rocks are also important in creating heterogeneous hydraulic conditions throughout a range 
of flow stages, thereby providing another refuge (Harvey and Clifford 2009).  
Interestingly the two Bray Curtis dendrograms, one with physical (Fig 4.2A) and the 
other with the taxa data (Fig 4.2B), show taxa fitting the biotopes more strongly than the 
physical data. The flashy flows in tropical streams create a very dynamic geomorphic 
template, making it difficult to find patterns with the physical data during a one off survey. 
In comparison, this study suggests that the taxa reflect the biotopes more accurately than 
single physical measurements. This is not surprising given that the communities often tell 
the ‘longer story’ (e.g., macroinvertebrates being used as indicators for water quality; Giller 
and Malmqvist 1999). 
Despite the broader pattern of macroinvertebrates reflecting the biotope framework, 
there is a hierarchy of factors that affect the distribution of each taxon, which would explain 
why few taxa were uniquely associated with certain biotopes. These findings are similar to 
results from temperate streams, which concluded that due to the range of habitats and life 
stages, along with synecological factors (such as competition and predation), it is difficult to 
find distinct macroinvertebrate communities within individual flow biotopes (Newson and 
Newson 2000). Macroinvertebrate communities may also be affected by the configuration 
and hydraulic properties of biotopes, with biotopes in the same class being highly variable 
depending on how they are formed and their position in the channel (Bisson et al., 1982). 
Other habitat parameters (i.e., leaf litter and moss) can be flow independent. As a result, these 
factors can be found in all flow biotopes influencing macroinvertebrate distribution and 
biodiversity regardless of the dominate flow types. In this study, the pools and riffles had 
more leaf litter and wood debris than the runs.  
Runs had swift current velocity, but limited leaf litter and wood debris. Water flowing 
over the runs was smooth with little turbulence or spray resulting in low hydraulic 
heterogeneity. This could be a reason for the lowest biomass (AFDM) and richness at both 
study reaches (Fig 4.3). However, these conditions appear to be particularly good for 
Grouvellinus species (Coleoptera: Elmidae) based on the high densities in runs, especially at 
SR1. These elmids were very small, few were >1.5mm therefore not increasing overall 
biomass. Other habitat parameters appear to be important in the faster flowing biotopes. 
For example, Grouvellinus species and Zygonyx species (Odonata: Libellulidae) are known to 
cling to hard substrates covered by moss, to help them withstand fast flows (personal 
observations). Furtado’s (1969) analysis of Odonates in a Malaysian stream found that 
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Zygonyx species managed to inhabit trailing plants and accumulated debris irrespective of 
water velocity. The morphology of Zygonyx species with spines covering the whole body aid 
attachment, enabling the animal to use moss as refuge from a range of flow velocities. It is 
clear that moss and other habitats (i.e., leaf litter) can have strong influences on both body 
size and biomass in fast flowing biotopes. In support of this, Rackemann et al (2013) 
emphasised the need for further investigation into the role of moss in protecting insects and 
therefore maintaining higher diversity in another fast flow biotope - waterfalls. 
Body size can influence an organism’s ability to withstand fast flows. Results from 
this study show that taxa in pools are generally larger, and that communities were composed 
of smaller number of taxa, in fast flow biotopes. This is particularly evident in the runs, with 
communities dominated by elmids and simulids. For example, 75% of organisms present at 
run 1 (stream 61a) was attributed to the family Elmidae. Their small body size enables them 
to take refuge from fast flows within the crevasse of the bedrock, moss or algal-covered 
patches. In pools average size of taxa was slightly larger, animals such as chironomids and 
oligochaetes, were able to avoid high flows by burrowing into the fine sediments 
(Stubbington 2009). These refuges evidently provide protection for a wider range of body 
sizes than habitats available in runs. The increased range of macroinvertebrate body sizes 
found in the pools and riffles potentially reflects the diverse mix of habitats. 
Collecting representative samples in any environment is difficult but it is especially 
problematic in the tropics because species diversity is high but many species are rare (Gotelli 
and Colwell, 2011; Chao et al., 2014; Hsieh et al., in press). In my study I found that with 6 
replicates of the fast and slow biotopes species diversity is ~ 25 (Fig 4.6A). If I doubled my 
sampling effort to 12 replicates, species diversity is expected to increase to ~30-35 taxa (Fig 
4.6A). However, if I eliminate the rare taxa (classed as taxa occurring only once), it shows 
that I have collected the common taxa (Fig 4.6B). In the tropics it is not uncommon for 
biodiversity surveys to miss taxa due to the high number of rare taxa, creating a slowly rising 
species accumulation curve (Gotelli and Colwell, 2011). In this study the main aim was to 
make comparisons of the biotopes during one time period, when comparing community 
structure between the biotopes this will be dictated mainly by the common taxa.  
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Figure 4.6.  Sample-size-based rarefaction and extrapolation for fast (runs and riffles) and slow (pools) flow biotopes. 
Graph (A) includes all sampled taxa and (B) includes the common taxa which is defined as any taxa that is found 
more than once. 
4.5 Conclusions 
 
Streams are heterogeneous and extremely dynamic in nature. Biotopes are a logical 
place to start understanding this complexity as they can be easily observed as river surface 
flow features, which reflect hydraulic and sediment characteristics. This study has shown that 
biotopes are useful for examining macroinvertebrate biodiversity in streams, with richness 
and community structure reflecting conditions at the biotope scale rather than at the reach 
level. Cluster analysis also showed distinct community structure among the pools, runs, and 
riffles. Macroinvertebrate size structure among biotopes was distinct between fast and slow 
flows, with the smallest taxa being most abundant in runs. This study suggests that further 
research is required to understand the importance of a range of habitat parameters, which 
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are not directly related to flow velocities. These habitat parameters are important as refuge 
and allowing the colonisation of habitats that would otherwise be inhospitable during flood 
periods.   
The timeframe to investigate and understand basic tropical stream ecology is put 
under pressure due to the strong influence of man on these ecosystems (Dudgeon et al., 
2006). Given environmental changes and associated loss of biodiversity, it is imperative to 
collect baseline data and understand the processes and roles of natural pristine tropical 
systems. This will enable understanding of the potential consequences of extinction and 
declining biodiversity (Dudgeon et al., 2006; Corlett 2009).  
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Chapter 5: Macroinvertebrate Diversity in Pools of 





Current understanding of macroinvertebrate biodiversity of tropical rivers (author’s 
note, rivers for this dissertation are defined as non-wadeable systems) is relatively limited 
compared to temperate regions (Dudgeon, 2008). Further, knowledge of tropical rivers in 
South East Asia are even more scant compared to other tropical regions such as northern 
Australia and the Neotropics (Mantel et al, 2004; Ho and Dudgeon, 2016). On Borneo Island 
there have been only a few studies that have evaluated the biodiversity and community 
structure of macroinvertebrates in rivers and streams (However see: Dolný et al., 2011; Iwata 
et al., 2003). This lack of research is combined with high anthropogenic activity including 
large-scale land use change on the island, which has lead to environmental degradation on a 
large scale (White and Klum, 2008) . This highlights the immediate need for baseline studies 
in non-impacted areas.   
Rivers provide numerous important ecosystem services, many of which are 
supported by macroinvertebrates (Wotton and Malmqvist, 2001; Giller and Malmqvist, 
1998). These animals are the backbone of riverine ecology and provide the food base for fish 
and mammals. Macroinvertebrates are important in the cycling of organic matter and 
controlling periphytic algae and biofilm growth (Wotton and Malmqvist, 2001; Gessner et al., 
1999), playing an important role in transferring energy up the trophic levels (Petersen and 
Cummins, 1974). In terms of riverine management, macroinvertebrates are useful in 
understanding biodiversity patterns as their distribution often reflects the pattern of food 
resources and habitats (Ramirez et al., 1998). In addition, their sensitivity to changes in 
benthic resources and pollution events makes them useful in bio-monitoring giving an insight 
into any changes in the environment (Wotton and Malmqvist, 2001).  
Due to the importance of macroinvertebrates in river ecosystems, it is important to 
understand natural patterns of these animals within the river network and what factors can 
control their distribution (Brierley and Fryirs, 2013). It has long been reported that the 
physical environment can largely determine macroinvertebrate distribution such as changes 
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in channel width, depth and substrate with distance downstream (Rice et al., 2001). The two 
main rivers that flow through the Ulu Temburong National Park are Sungai Temburong and 
its tributary Sungai Belalong (Fig 5.1). These main rivers flow between steep banks, about 35 
m in elevation (Orr, 2001), with both Temburong and Belalong composed of a mix of 
meandering pools and turbulent and fast flowing riffles. Substrate consists of a mix of coarse 
cobbles and gravel, with many sand/silt bars along the rivers positioned behind debris dams. 
 
 
Figure 5.1 Sungai Temburong during low flows 
 
Daily weather in the Ulu Temburong National Park is very erratic with rainfall driven 
by convection cells, which produce intense storm events when they rise and condense over 
the mountains of Ulu Temburong National Park (Cranbrook and Edwards, 1994).  The 
Brunei Hydrometric Unit 483 used to be located near to Kuala Belalong Field Study Centre 
(KBFSC) has not been in operation for many years after it was scoured out during a flood 
event. However, recordings taken in the early 1900s during a Royal Geographical Society 
(RGS) fieldwork survey recorded base flow stage height at approximately 1.2 m and the wet 
season base flow was ~2m (Cranbrook, 1993). They recorded that a height of 2.54m is 
approximately a discharge of 36.6 m3 s-1 and a height of 2.3 m is a discharge of 25 m3 s-1. 
During storm events it is not uncommon for the river to rise 1 m in 30 minutes and during 
the RGS expedition a 1.2 m rise in 10 min was recorded (Earl of Cranbrook, 1993). Figure 
5.2 shows a photo of Sungai Belalong during low flow and the second photo after 
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approximatly 2 hours of rainfall. Temburong is a larger basin but the hydrological conditions 










Figure 5.2 Photo of Sungai Belalong outside KBFSC. Photo on the left taken at 17.45 when the rain started and 
photo on the right taken at 20:00 
 
This study was conducted around the confluence of Sungai Temburong and Sungai 
Belalong, creating an opportunity to investigate macroinvertebrate biodiversity and 
community structure between two tropical rivers. In this study the diversity and distribution 
of benthic macroinvertebrates are investigated in the pools of Sungai Temburong and its 
tributary Sungai Belalong. It was not possible to sample the riffles due to the turbulent flows. 
It was hypothesised that pool diversity would be lower in Temburong compared to Belalong 
due to its likely higher discharge and potential for increased scouring flood events.  
5.2 Methods  
5.2.1 Study sites and fieldwork 
 
Fieldwork was conducted on Temburong and Belalong in June 2014 during low 
water levels making the rivers accessible and safe. Sampling was conducted on 6 pools in 
Temburong (3 above and 3 below the confluence with Belalong) and on 6 pools in Belalong 
(all above the confluence; Fig 5.3). To reduce local-scale variability, the study focused on 
slow flowing biotopes (pools). A standard, D-frame kick net with a 500 micron mesh bag 
was used to sample the benthic macroinvertebrates. At each site, a 3 minute kick sample of 
approximately 10m of the river was taken. This ensured all the functional habitats in each 
pool were included in the sample. Shrimp were not included in this study as they are not 
effectively sampled with a kick net in these riverine habitats (Jacobsen et al., 2008). 
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Figure 5.3.  Map of Brunei situated in the north of Borneo Island. The country is split into two parts, with Ulu 
Temburong National park within the Temburong district. Kuala Belalong Field Study Centre (KBFSC) is situated 
upstream from the  Temburong- Belalong confluence. Kick samples were taken downstream from the Temburong- 
Belalong confluence (T1-3) and upstream from the confluence on Temburong (T4-6) and  Belalong (B1-6). 
5.2.2 Sampling and Identification of Benthic Macroinvertebrates 
 
After collection macroinvertebrate samples were preserved in 70% ethanol and 
processed under (10x) magnification at the Field Study Centre. Samples were exported to the 
UK, where they were identified to the lowest practical taxonomic level (genera or 
morphotyped to a assumed similar level), enumerated and measured to the nearest 0.5 mm. 
Identifications were conducted using the few keys available including Dudgeon (1999), Yule 
and Yong (2004), and Sangpradub Boonsoong (2006.) alongside open source identification 
methods. Specifically, taxa were photographed and uploaded onto the Flickr website 
(http://flickr.com/photos/tropical-streams/sets/), where interested experts could 
comment or request to see the actual specimens. 
To calculate biomass, taxa were measured to the nearest 0.5 mm, with taxa specific 
Ash free dry mass (AFDM) being calculated using length-mass regressions (Benke et al., 1999; 
Sabo et al., 2002; McNeely et al., 2007). When no taxa-specific equations exist, estimates were 
made using equations from taxa with similar body shape (Ramírez and Pringle, 1998). Where 
only dry mass (DM) estimates are available, values were converted to AFDM following 
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5.2.3 Data Analysis  
 
Macroinvertebrate richness, density and, biomass (AFDM) was quantified at each 
site. A One Way analysis of variance (ANOVA) was used to test differences in biodiversity, 
with the data meeting statistical assumptions of normality and homoscedasticity (Thomas et 
al., 2013). Analysis of similarities (ANOSIM) was used to test if there was a significant 
difference between taxa in the two rivers, and in sites above and below the confluence on 
Temburong (Clarke and Warwick, 2001). A statistic called R, which ranges from – 1 to + 1, 
measures the distinctiveness of the grouping in ANOSIM. Values close to 1 indicate high 
similarity, 0 indicate that there is little relationship to the groups and -1 indicate samples are 
outside all of the groups. Assemblage structures were examined using a hierarchical cluster 
analysis carried out based on the Bray Curtis Coefficient (Thomas et al., 2013). Bray-Curtis 
similarity matrices calculated the compositional dissimilarity of sites based on the abundance 
of taxa at each site. Abundance data was used instead of biomass as it had a lower stress 
number (Stress: 0.15 compared to 0.18 for biomass). Multi-dimensional scaling (MDS) 
analysis was used to test the robustness of groups defined by the cluster analysis. A sample-
size-based rarefaction and extrapolation analysis was carried out to assess the accuracy and 
completeness of my sampling (Gotelli and Colwell, 2011).  Analysis was carried out in the 
computing environment R (R Core Team 2013). 
5.3 Results 
5.3.1 Representative sampling 
 
In my study I established a total of 36 taxa in Temburong and 46 taxa for Belalong, 
both streams had 6 pool replicates (Fig 5.4A). If I doubled my sampling effort to 12 
replicates, species diversity at Temburong is expected to increase to approximately 50 taxa 
and at Belalong to approximately 65 (Fig 5.4A). However, if I eliminate the rare taxa (classed 
in this study as taxa occurring only once), it shows that I have collected most of the common 
taxa (Fig 5.4B). These results enabled me to evaluate the community structure of 
macroinvertebrates in Temburong and Belalong. 
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Figure 5.4.  Sample-size-based rarefaction and extrapolation for fast and slow biotopes. Graph (A) includes all 
sampled taxa and (B) includes the common taxa which is defined as any taxa that is found more than once. 
 
5.3.2 Temburong and Belalong 
 
A total of 1,184 individuals were collected from the 12 study sites on Temburong 
and Belalong representing 55 genera from 36 families and 8 orders (Appendix Chapter 5). 
There was no significant difference in richness found between Temburong (36 taxon) and 
Belalong (46 taxon; F1,10=0.4, p= 0.5257; Fig 5.5). Average abundance was similar between 
Temburong (93 ± 23 individuals) and Belalong (101 ± 26 individuals; F1,10=0.04, p= 0.8; Fig 
5.5). Temburong had an average biomass of 25.11 ± 5 mg and Belalong had 24 ± 7 mg, with 
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Figure 5.5.  Total richness, density, and biomass (ash-free dry mass; AFDM) of macroinvertebrates for Temburong 
and Belalong. Error bars represent standard deviations (Temburong, n = 6;  Belalong, n = 6).  
 
The hierarchical cluster analysis showed no clear difference in community structure 
between the rivers (Fig 5.6). While the NMDS ordination (stress: 0.15) of benthic 
macroinvertbrate abundance showed a slight divide in community structure between 
Temburong and Belalong (Fig 5.6). ANOSIM results have an R value of 0.35 and a 
significance level of p=0.06, suggesting there is little difference in the macroinvertebrate 
communities between the rivers. The results do show that the hierarchical cluster analysis 
has a 0.6 dissimilarity between pools above and below the confluence on Temburong (Fig 
5.6). An ANOSIM analysis also shows a difference in macroinvertebrate communities in the 
Temburong pools above and below the confluence with Belalong (R value: 0.59 and 
significance level of 0.01). However, there was no difference in richness (F1,4=2.88, p=0.16) 
or biomass( F1,4=2.11, p= 0.22), and a difference in abundance (F1,4= 8.12, p= 0.05). Pools 
downstream of the confluence had an average relative abundance of 51 individuals whereas 
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Figure 5.6.  Dendrogram of benthic aquatic insect abundance at each of the sites. T=Temburong and B=Belalong. 
Numbers indicate replicate pools.  
 
Ephemeroptera was the most dominant order at both Temburong (66% of total 
abundance) and Belalong (58% of total abundance; Appendix Chapter 5). Euthraulus 
(Family: Leptophlebiidae) was the most abundant taxa in the study with a total relative 
abundance of 338 individuals, of which 99 individuals were found at Temburong site 4, the 
first site upstream from the confluence with Belalong (Fig 5.7). In contrast there were zero 
Euthraulus present at Belalong site 2. Other taxa from the order Ephemeroptera were 
abundant. Including Potamanthus (Family: Potamanthidae) with 124 individuals sampled in 
the study (85 of which where found at Belalong site 5) and the flattened Mayfly 
Compsoneuria (Family: Heptageniidae) had 107 individuals. At the other end of the scale 
there were some taxa with very low relative abundances, for example 14 macroinvertebrates 
only occurred once in the survey and 35 taxa had a total abundances of less than 5 (Appendix 
Chapter 5). 
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Figure 5.7.  NMDS of macroinvertebrate community patterns and sampling sites. The light grey crosses represent 
taxon that are less than the mean, only the priority taxon (greater than the mean) are displayed. List of taxa 
abbreviations are in appendix Chapter 5. The dotted line provides a subjective division between the Temburong and 




In any environment it is difficult to collect representative samples of nature (Hsieh 
et al., in press; Chao et al., 2014). However, this is accentuated in the tropics where there is 
high taxa diversity but with many rare taxa (Gotelli and Colwell, 2011). In my study I found 
many taxa only occurred once, with other taxa occurring at very low abundances (Appendix 
Chapter 5). The slowly rising taxa accumulation curve in Fig 5.4A is not uncommon for data 
from the tropics with biodiversity surveys frequently missing taxa due to the high number of 
rare taxon (Gotelli and Colwell, 2011). Bishop (1973) suggests that macroinvertebrate 
population densities are low in tropical streams as a result of the constant, but unstable 
microhabitats caused by frequent flood events, scouring out functional habitats. However, 
despite the likely high number of rare taxa present in my study sites, the rarefraction curve 
does show that I have sampled most of the common taxa (Fig 5.4B). It is important to note 
that these common taxon that will be important in understanding biodiversity patterns in 
tropical streams.  
This study recorded only 36 families with a total of 55 genera (36 at Temburong and 
46 at Belalong). Similar studies in the tropics have reported higher levels of taxon richness, 
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for example in the Liwagu river catchment (Sabah, northern Borneo) 61 families were 
recorded (Mazlan and Kamarudin, 2015), and Bishop (1973) found 204 morphospecies 
during his longitudinal survey of Sungai Gombak (Peninsular of Malaysia). However, 
Bishop’s (1973) study involved sampling the whole river therefore it would be expected to 
have higher taxon richness. The relatively low level of richness in my study could be a result 
of a focus on just one biotope, the pools (Mac Nally et al., 2011). Interestingly, 
macroinvertebrate diversity in Temburong and Belalong were low compared to pool taxon 
richness in their tributaries (chapter 7), with 37 taxa were reported at Sungai Lower Apan 
(tributary of Temburong with 6 pools sampled), 50 taxon at Sungai Esu (tributary of Belalong 
with 5 pools sampled) and 61 taxon at Sungai Threelan (tributary of Temburong with 6 pools 
sampled). 
The low levels of richness in Temburong and Belalong could be explained by the 
frequent and high intensity precipitation events that cause water levels to rise in a short 
period of time. The deep ‘V’ shaped valleys prevent the river from expanding laterally causing 
the discharge to increase further. Although it was not possible to monitor river discharge, 
there is descriptive evidence of the river’s power during flood events. For example during 
flood events the river is capable of carrying large tree trunks, which then accumulate and 
create wood debris dams after peak flow (Cranbrook and Edwards, 1994). These debris dams 
can be on an impressive scale, for example in between two fieldwork trips from 2013 to 
2014, a debris dam tens of meters in size was washed downstream during a large storm event 
(Fig 3.7). In comparison the tributaries of Temburong and Belalong, including Lower Apan, 
Esu and Threelan, had less visible movement of large boulder and debris dams in between 
fieldwork trips (2012-14; personal observations). These smaller tributaries have smaller 
catchments and therefore less volumes of water entering during storm events, which appear 
to reflect in higher levels of macroinvertebrate biodiversity (Chapter 7). 
In both Temburong and Belalong, Ephemeroptera comprised more than >50% of 
the taxa. Comparisons to other studies in the region found a more diverse range of orders. 
For example a similar study in Tambunan (Sabah, Malaysia) found the dominant taxa was 
20% Trichoptera, 18% Coleoptera followed by 16% for Ephemeroptera (Mazlan and 
Kamarudin, 2015). Aquatic insects in the streams of Mae Klong watershed (Thailand) also 
found a more diverse mix of macroinvertebrates with Trichoptera dominating (~35%) 
followed by Ephemeroptera (~20%) and Odonata (~10%) (Maneechan and Prommi, 2015). 
The similarity of macroinvertebrate communities between the study rivers may be a result of 
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similar scouring flows, which play an important role in structuring aquatic communities 
(Bishop, 1973; Peckarsky et al., 1990, Yang and Dudgeon, 2010). Sheldon (2011) suggests the 
streams and rivers of Ulu Temburong were physically controlled by the frequent flood 
events, with biotic interactions between grazing fish being minimal. The most abundant taxa 
in this study have evolved to withstand fast flows including Euthraulus that take shelter in 
bottom sediments or tailing roots, Potamanthus are adapted to burrowing, and 
Compsoneuria have depressed bodies (Ghee, 2004). 
The similar macroinvertebrate communities in Temburong and Belaong may also be 
a result of hydraulic damming and ‘back up’ of Belalong, this occurs when there is a flood 
event on Temburong and the river starts flowing up Belalong. This would carry 
macroinvertebrates from Temburong in its drift. This type of migration has been recorded 
in the River Rhine, with Macroinvertebrate dispersal occurring upstream during a flood 
(Beckmann et al., 2005). Dispersal can also occur over short distances during base flow 
(Elliott, 2003). Interestingly, results show there is a higher similarity in macroinvertebrate 
communities between Temburong and Belalong, than compared to Temburong pools 
situated above and below its confluence with Belalong. Differences in biodiversity have been 
found to change after a confluence, with macroinvertebrate abundance and diversity often 
increasing downstream (Wallace et al., 1991; Rice et al., 2001; Knispel and Castella, 2003; 
Benda et al., 2004). However, my results have found a decrease in macroinvertebrate 
abundance below the confluence (51 individuals below confluence compared to 136 
individuals in pools above the confluence). The physical effect of the tributary on the main 
river, such as scour and change in benthic substrate, occurs immediately downstream of the 
confluence (Best, 1988; Wallis et al., 2008). This may be particularly high in the Temburong 
catchment due to the large volumes of water that meet at the confluence, which causes high 
levels of scouring, washing out functional habitats and physically removal invertebrates. 
Conversely, the hydraulic damming that occurs on Belalong could reduce the river velocity 
and consequence of extreme scouring.  
5.5 Conclusion  
 
Results from this study show there is no difference in biodiversity or community 
structure between the pools in Temburong and its tributary Belalong. However, there were 
differences in macroinvertebrate abundance and community structure between pools 
upstream and downstream of the confluence on Temburong. On a local scale, the collection 
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of baseline data in the Temburong catchment is important to monitor and manage the river 
effectively, both within and outside the national park where anthropogenic factors including 
agriculture, and urbanisation can have negative impacts on the river’s biodiversity. By having 
a broad understanding of the river’s benthic community, it may be used to help mitigate any 
unnecessary impacts on the river’s biodiversity. This dataset is the beginning for creating 
benchmarks for understanding tropical rivers in Asia and sets the scene for the subsequent 
chapters in this thesis, which focus on the tributaries of these rivers. 
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Chapter 6: The Effect of River-Tributary 
Interactions on Benthic Habitat & 
Macroinvertebrate Biodiversity 
6.1 Introduction  
 
Confluences are frequently described as ecotones, a concept originally coined by 
plant ecologists Livingston (1903) and Clements (1905), as a boundary area among 
communities where there is an exchange between two biotopes or habitats (Amoros et al., 
1996; Hubbel and Ryan, 2016). For river networks, these ecotones can have high levels of 
habitat heterogeneity due to the increased variation in physical conditions (Todorova and 
Topalova, 2014). Further, given the abrupt change in the river’s continuum over short 
distances (i.e., metre rather than kilometres) a wide range of environmental conditions within 
these boundary areas can promote increased levels of biodiversity relative to the intersecting 
systems (Amoros et al., 1996). Despite the general understanding of these dynamics (Rice et 
al., 2008a), the ecology of river confluences has been overlooked with any changes in the 
river continuum being classed as interruptions rather than important parts of the stream 
network (Vannote et al., 1980; Bruns et al., 1984; Minshall et al., 1985).  
Many physical parameters of the rivers adjust abruptly at confluences and as a result 
changes in channel widths and depths, substrate type and size, and temperature are frequently 
observed (Benda et al., 2004; Rice et al., 2008b; Mac Nally et al., 2011). Increases in hydraulic 
power where two channels converge, especially during spates, often cause scouring which 
erode channels, exporting larger particle sizes and can result in increased channel widths and 
depths. However, at these locations in river networks there also tends to be a decrease in 
river bed slopes leading to pool formations with reduced river flows and particle deposition. 
The larger substrate sizes are deposited first as the river’s energy reduces, with the finer 
sediment being carried further. Thus, the buildup of substrate at confluences can lead to the 
development of depositional bars and fans (Bull 1977; Fig. 6.1). These areas of deposited 
substrate can be permanent or transient, depending on the rate at which the sediment is 
transported down from tributaries and then scoured by main river discharges. Benda et al 
(2004) argues the degree of confluence habitat heterogeneity is dependent on the disturbance 
regime of the catchment including rainfall frequency, and geomorphic processes, such as 
landslides.  
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Figure 6.1. Substrate accumulating confluence zone 8 (photo on the left) and organic matter at confluence zone 7 
(photo on the right) 
 
The physical changes that occur at river-tributary confluences can in turn affect the 
quantities and distribution of organic matter and periphyton. Organic matter which is 
deposited in tributary channels can be transported downstream and accumulate along with 
deposited substrate at the confluence (Cranbrook and Edwards, 1994; Wallis et al., 2008; Fig. 
6.1). In locations where larger wood and boulders are transported, major changes in 
geomorphology can promote the formation of debris dams and associated pools, which 
further promote the accumulation of organic material (Montgomery, 1999; Benda et al., 
2004). For periphyton, light limitations in tributaries can occur due to dense canopy cover 
and/or shading from steep banks. These conditions frequently depress primary production 
and suppress algal standing stocks (Hill et al., 1995; Young and Huryn, 1999; Kiffney et al., 
2006). However, breaks in the canopy which can also occur at the confluence increase light 
levels and facilitate primary production and periphyton growth (Power and Dietrich 2002; 
Kiffney et al., 2006).  
The unique hydrology, geomorphology and organic matter dynamics of river-
tributary confluences play a major role in structuring aquatic communities at both the local 
and landscape scale (Osborne and Wiley, 1992; Benda et al., 2004; Rice et al., 2008a). Defined 
as “biodiversity hotspots” due to the higher diversity of macroinvertebrates (Knispel and 
Castella, 2003; Rice et al., 2001), fish (Fernandes et al., 2004; Kiffney et al., 2006), and even 
larger aquatic animals such as river dolphins (McGuire and Winemiller, 1998). The 
importance of confluences have even been extended to terrestrial fauna, with bird abundance 
and diversity found to peak near to confluences due to the extra food resources (Rice et al., 
2008a). During flood events confluences and tributaries can act as areas of refuge from 
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scouring flows (Wallis et al., 2008), while during low flows confluences can be vital habitat 
being deeper compared to the rest of the river network (Wallis et al., 2008). Understanding 
the distribution of macroinvertebrates in the confluence zones may be useful in appreciating 
the utility of confluences, as their distribution often reflects the pattern of food resources 
and habitats (Ramirez et al., 1998).   
Ulu Temburong National Park in Brunei Darussalam, where this study was 
conducted, experiences very localized and intense rainfall events, with no month described 
as “dry” (Dykes, 1997). For example, during the same day 63.5 mm of rain fall was recorded 
at Kuala Belalong Field Study Centre (KBFSC) but less than 10km away, only 19 mm was 
recorded (Cranbrook and Edwards, 1994). Water levels are known to rise in a short space of 
time and the localization of the storms can set up extreme differences between the main river 
flooding and the base flows in the downstream tributaries (Fig. 6.2). During low flows there 
is little interaction between the main river and tributaries. Whereas after a storm event the 
main river expands in size and with increasing discharge a process called ‘hydraulic damming’ 
can occur, preventing tributaries from flowing into the main river. During large storm events 
the main river even flows up the tributaries (Baker, visual observations), only stopping when 
reaching a waterfall or steep cascade (Fig. 6.2).  This process is accentuated due to the steep 
banks that occur on Sungai Temburong and Belalong (Orr, 2001), which limits any flood 
plain development.  
To date most confluence studies have focused on the effects of tributaries on 
changing macroinvertebrate communities in the main river (Bruns et al., 1984; Stevens et al., 
1997; McKie, 2004; Rosales et al., 2007). By contrast, there has been few studies that have 
focused on how the main river affects macroinvertebrate communities on its tributaries. 
Beckmann et al (2005) study on the River Rhine and its tributaries found macroinvertebrates 
and benthic substrate at the tributary river margin sites were affected by higher levels of 
velocity, increased sedimentation and more variable environmental conditions compared to 
biotopes upstream in the tributary. Wilson and McTammany (2014) also found that the river 
affected macroinvertebrate communities on its tributaries, which was suggested to be due to 
direct dispersal and indirect habitat alteration. In the tropics, hydraulic damming has been 
reported on redundant channels connected to floodplains, for example on the Orinoco River 
in Venezuela a backwater effect of more than 50m has been observed during flood events 
(Herrera and Rondon, 1985). However, there have been no recorded studies conducted on 
tributaries that experience hydraulic damming on a frequent basis. Ulu Temburong National 
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Park is an excellent study site to conduct this study due to the rivers having steep banks with 
no floodplain and high rainfall events, which cause the main river to expand at confluence 
zones and flow upstream the tributaries.  
 
Figure 6.2. Schematic to show how a changes from low (left schematic) to high flows (right schematic) causing hydraulic 
damming and back-up. Low flow channel-width is in dark black with high flow channel-width in dashed black. 
Arrows represent the water flow direction and thickness of the arrow represents level of discharge. Water can rise and 
fall within hours. During low flows, water flows out of the tributaries into in the main rivers and during high flows the 
main river can block the tributary flow or cause hydraulic damming. Sampling sites are highlighted as the river margin 
(R), river-stream interface (I) and upstream pool (U) above a high gradient riffle or waterfall where the main river only 
interacts during a significant storm event. The box in grey highlights the confluence zone.  
  
The goal of this study was to investigate the influence of the main rivers in Ulu 
Temburong National Park (Sungai Temburong and Sungai Belalong) on their tributaries. 
Specifically, the work focused on the confluence zone including sites at the river margin (R), 
the river-stream interface (I) and the upstream pool (U) which is above a high gradient riffle 
or waterfall where the main river only interacts during a significant storm event (Fig. 6.2; 
grey box). At each of the 11 confluence zones, I assessed substrate, organic matter (leaf litter 
and wood debris), and standing stocks and growth rates of periphyton. In addition, the 
diversity and community structure of macroinvertebrates were evaluated. It was 
hypothesised that the highest levels of organic material and periphyton would be at the river-
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6.2 Methods  
6.2.1 Study Site 
 
Ulu Temburong National Park in the Temburong district of Brunei Darussalam is 
covered in primary rainforest with an undisturbed river catchment, a landscape that is 
becoming increasingly rare on Borneo Island (Sheldon, 2011; Bryan et al., 2013). The national 
park has a sharp topography, the Temburong-Belalong confluence is 30 m a.s.l. but rises to 
913 m a.s.l. (9 km away) at Bukit Belalong and to 1,850 m a.s.l. (35 km away) at Bukit Pagon 
(Dykes, 1994). Brunei Darussalam has a tropical climate and although it is influenced by the 
annual climate pattern of the South East Asian monsoon, the daily weather in the national 
park is normally very erratic (Dykes, 1996). Rain usually originates as convection cells, as 
these cells rise over the mountains of Ulu Temburong, they condense and produce rain 
(Cranbrook and Edwards, 1994).  
6.2.2 Study design 
 
At each confluence zone, substrate, organic matter, and macroinvertebrates were 
sampled at the main river margin (M), river-stream interface (first pool upstream from the 
river margin; I) and an upstream pool (above a high gradient riffle or waterfall where there 
is little interaction with the main river; U; Fig. 6.2). To reduce local-scale variability only slow 
flowing biotopes (pools) were sampled. Pools are found in every tributary and are uniformly 
similar in terms of substrate, velocities and depths compared to fast flowing biotopes (riffles, 
cascades and waterfalls). Eleven confluence zones were selected for this study, all situated 
on tributaries within a 3 km radius (Fig 6.3). Four were tributaries of Sungai Belalong (1, 2, 
3 and 11), three tributaries of Sungai Temburong upstream of the Sungai Temburong-
Belalong confluence (7, 8 and 9) and four were tributaries of Sungai Temburong downstream 
of the confluence (4, 5, 6 and 10; Fig 6.3). All of the confluence zones had either a high 
gradient riffle or waterfall upstream which enabled me to sample a pool that was not 
influenced directly by hydraulic damming caused by the main river. Three of the tributaries 
(6, 10 and 11) had waterfalls directly upstream of the river margin, therefore only the river 
margin and upstream pool was sampled.  
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Figure 6.3. Brunei is situated in the north of Borneo Island. The country is split into two parts, with Ulu Temburong 
National park within the Temburong district. Kuala Belalong Field Study Centre (KBFSC) is highlighted by the red 
dot and is situated on the banks of Sungai Belalong. The confluence zones included in this study are numbered 1-11 
and identified by black dots.  
6.2.3 Field Methods 
 
Physical habitat measurements: To establish variation among the confluence zones and 
to categorise tributary size, velocity and depth was taken at each of the tributary confluences 
every 0.5 m following common methods described by Gorden et al., (2004). Wetted widths 
(defined by the area of stream channel filled with water) was also recorded. Channel 
dimensions were measured with surveying tapes and meter sticks. Stream velocity was 
measured at 60% depth (Gordon et al., 2004), using an electromagnetic flowmeter 
(Valeport® model 801; Valeport Ltd., Totnes, UK). Substrate type at each location was 
assessed visually and categorised as percent silt and sand, gravel, cobble, boulder and bedrock 
at the river edge, confluence and tributary.  
Organic matter: Organic matter was collected at the river margin (R), river-stream 
interface (I) and upstream pool (U). A quadrat was placed on the riverbed and all of the 
organic material inside was sampled. The organic material was brought back to the KBFSC 
and dried at 70ºC for 24 hours. The material was divided by eye into three categories; leaf 
litter, wood and ‘other’ material composed of amorphous material. Ash Free Dry Mass 
(AFDM) was calculated by taking the difference between the dry weight and ashed weight 
(500ºC for 2 hr). AFDM summed across all categories was then used as an estimate of total 
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differences in organic matter among the 11 confluence zones. Further, differences among 
the 3 sampling locations (R, I and U) pooled across confluence zone were evaluated. All data 
was transformed (SQRT+1) to minimise deviations from normality and homoscedasticity.   
Periphyton: Due to time constraints associated with the remote location of this 
research, periphyton levels were estimated from a random sub-sample of confluence zones 
(1, 3, 8 and 10). Random rocks were selected for the experiment from the streams in Ulu 
Temburong National Park, placed in boiling water and scrubbed to remove all periphyton. 
Rocks were then placed and secured at the river margin and in the upstream pool with plastic 
wire. During the experiment, there were some periods when the water levels dropped causing 
a few of the experimental rocks to be exposed out of the water. As this was for short periods 
of time, they were still included in this study. This occurred at tributary 1 (confluence and 
upstream pools), tributary 3 (confluence pool) and tributary 10 (confluence). After exposure 
for 47 days, a fixed area of (0.002m2) of each rock was sampled with the periphyton collected 
on GFF filters. The filters were dried at the KBFSC and transported back to the UK for Ash 
Free Dry Mass (AFDM) analysis to be conducted. AFDM was calculated by taking the 
difference between the dry biofilm weight and ashed weight (500ºC for 1hr). AFDM was 
then used as an estimate of periphyton standing stock levels. Growth rates were then 
estimated as AFDM divided by exposure time. This method of periphyton estimates cannot 
distinguish between living and dead algal cells (Wellnitz and Poff, 2006), but was selected 
due to remote locations and limited facilities at the KBFSC. I assumed that the accumulation 
of periphyton would likely approximate linear after the initial exponential colonization stage. 
Standing stocks of periphyton in each of the study confluence zones were quantified from 
four random rocks at the river margin and the upstream pool to ensure periphyton growth 
levels from the experiment were comparable with background standing stock. One way 
Analysis of variance (ANOVA) was used to test for statistical differences in ambient 
periphyton and periphyton growth rates among the 11 confluence zones. Differences in 
periphyton were also assessed among the 3 sampling locations (R, I and U) pooled across 
the confluence zones. The ambient periphyton was transformed (SQRT+1) to minimise 
deviations from normality and homoscedasticity.   
Macroinvertebrate: A three-minute kick sample (standard D-frame with 500μm mesh 
bag) was used to collect benthic macroinvertebrates in the study pools at the river margin, 
river-stream interface and upstream pool. Shrimp are not effectively sampled by kicks in 
these habitats (Jacobsen et al., 2008), therefore the results for these taxa are at best an 
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estimate. Due to the large size of shrimp compared to other macroinvertebrates they were 
treated separately for biodiversity calculations (richness, abundance, and biomass). In the 
field, samples were preserved in 70% ethanol. In the laboratory macroinvertebrates were 
processed under (10x) magnification and identified to the lowest practical taxonomic level 
(genera or morphotyped to a similar level) and measured to the nearest 0.5 mm. Due to the 
lack of macroinvertebrate taxonomic knowledge in the tropics, open source identification 
methods with tropical specialist taxonomists was conducted alongside using the few keys 
available (Dudgeon 1999; Yule and Yong, 2004; Sangpradub et al., 2006). At 4 sampling sites 
the identification of shrimp down to genera or even family level was not possible due to the 
small sizes of collected specimens therefore in the results shrimp were combined together as 
one taxa. AFDM of macroinvertebrates was estimated using length-mass regressions (Benke 
et al., 1999; Sabo et al., 2002; McNeely et al., 2007). In cases were no associated equations 
were available, estimates were made using taxa with similar body shape (Ramírez and Pringle, 
1998).   
To assess macroinvertebrate biodiversity, total richness, density, and biomass 
(AFDM) were quantified. ANOVA was used to test for any statistical differences in 
biodiversity between the tributaries, and kick samples. To ensure that data was normally 
distributed macroinvertebrate biomass and abundance data for the kick samples was 
transformed (SQRT+1). Similarity percentage analysis (SIMPER) was used to identify the 
taxa that contributed most to the average dissimilarity among the pools (R, I and U) and 
between the confluence zones. Analysis of Similarities (ANOSIM; Clarke, 1993) was used to 
test for differences in composition of macroinvertebrates communities among the pools (R, 
I and U). The global R statistic, which ranges from -1 to +1, measures the distinctiveness of 
the grouping according to ANOSIM. Values close to 1 indicate high similarity among groups, 
0 indicates that there is no relationship in composition among the groups, and -1 indicates 
samples are distinct to each group. Abundance data were used for both SIMPER and 
ANOSIM, and both of these tests use the Bray–Curtis index, a popular dissimilarity index 
for ecological data (Borcard et al., 2012). Although rare taxa can be important in community 
structure, in the SIMPER analysis I only included percentage contribution of more than 4 
%.  
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6.3 Results 
6.3.1 Physical measurements of confluence zones  
 
Average tributary channel depths varied from 0.03m (confluence zone 10) to 0.65m 
(confluence zone 5; Table 6.1). Velocities varied from -0.14 ms-1 (i.e., river flows going into 
the tributary from the main river; confluence zone 3) to 0.68 ms-1 (i.e., tributaries flowing 
into the main river; confluence zone 11; Table 6.1). Average velocities tended to be higher 
at confluence zones 6, 10 and 11 as these had waterfalls at the stream-river interface, whereas 
the other confluence zones had pools. During fieldwork, average discharges were near to 
zero, but in any given site there was measurable water moving downstream. Although the 
averages for some locations were negative, there was observable flow from the tributaries to 
the main river at all sites.  
 
Table 6.1. Channel characteristics and physical variables of the eleven confluence zones, one measurement was taken 












1 2.2 0.04 0.30 
2 2.6 0.08 0.12 
3 3.8 0.26 -0.18 
4 2.3 0.40 -0.08 
5 4.0 0.65 -0.11 
6 2.6 0.07 0.48 
7 2.1 0.22 -0.07 
8 10.6 0.23 0.09 
9 6.2 0.45 -0.14 
10 0.3 0.03 0.54 
11 0.3 0.14 0.68 
 
Confluence zones 5 and 6 had the lowest levels of silt and sand (< 10%) and in 
contrast confluence zone 4 was comprised of 80% silt and sand. The percentage of gravel 
was more consistent among the confluence zones, while average percentage of cobbles was 
lowest at confluence zones 11 and 4 (less than 5%) and highest at confluence zone 6 (70%). 
Bedrock was only present at confluence zone 10. Average substrate at the river margin was 
composed of sand (~45%) and cobbles (~40%). At river-stream interface it was 
predominantly sand (~67%) and at the upstream pool the substrate was composed of 
cobbles (~40%) and gravel (~40%- Table 6.2).  
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Table 6.2. Physical measurements at the confluence zone. Including distance from the river margin to the river-stream 
interface and upstream pools, and the percentage substrate of bedrock (BR), cobbles (C), gravel (G) and silt & sand 
(S&S). There were no boulders in the confluence zones and there were no river-stream interface sites at confluence zones 
6, 10 and 11 due to waterfalls.  
Tributary 
number 
Confluence zone Distance from 
river (m) 
BR C G S&S 























































































































































































6.3.2 Organic matter at the confluence zones  
 
There was a large variation, but no statistical difference in the quantity of organic 
matter between the confluence zones (F2, 27=0.7, p=0.7; Fig. 6.4). The average levels of 
organic matter varied from 77 ± 53 g AFDM m2 (confluence zone 5) to a maximum average 
of 1195 ± 1089 g AFDM m2 (confluence zone 8). Among the tributaries the quantity of 
leaves (F2, 27=1.2, p=0.3), wood debris (F2, 27=0.4, p=0.9) and other material (F2, 27=0.8, p=0.6) 
were not statistically different (Fig. 6.4). Further, there was no difference in total organic 
matter between the river margin, river-stream interface and upstream pool (F2, 27=1.2, p=0.3). 
Among the three sampling sites the average levels of organic matter varying from 682 ± 392 
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g AFDM m2 (river-stream interface) to 169 ± 43 g AFDM m2 (upstream pool). The quantity 
of leaves (F2, 27=1.13, p=0.3), wood debris (F2, 27=1.9, p=0.2) and other material (F2, 27= 1.4, 
p=0.3) were also similar. At the river margin at both confluence zones 7 and 11 there were 
no leaves. While at the river margin at confluence zones 7, 8, 10 and 11 there was no wood 
debris.  
 
Figure 6.4. Average AFDM of organic content separated into leaves, sticks/twigs and other/amorphous detritus at 
the confluence zone (river margin, river-stream interface and upstream pool). No statistical difference were found among 
these sampling locations. See text for standard deviation (river margin n= 11, confluence n = 8, tributary n = 11).  
6.3.3 Periphyton at the confluence zones 
 
Among the confluence zones ambient periphyton biomass varied from a maximum 
average of 15.8 ± 7.8 g AFDM m-2 (confluence zone 1) to 4.3 ± 0.2/0.7 g AFDM m-2 
(confluence zone 3 and 10). There was a significant difference in periphyton biomass 
between the confluence zones (F13, 19=11.5, p=<0.01), explained mainly by the high levels of 
periphyton at the river margin at confluence zone 1 (Table 6.3). Among the confluence zones 
average periphyton growth rates ranged from 0.10 ± 0.003/0.01 g AFDM m-2 d-1 (confluence 
zone 1 and 10) to a maximum average of 0.24 ± 0.1 g AFDM m-2 d-1 (confluence zone 3). 
There was no significant difference in periphyton growth levels between the confluence 
zones (F3, 17=2.3, p=0.1).  
Average ambient periphyton biomass was 5.2 g AFDM m-2 in the upstream pool and 
9.1 g AFDM m-2 at the river margin. There was no significant difference in ambient 
periphyton biomass between the river margins and the upstream pool (F1, 21=1.4, p=0.2) and 
average growth rates were similar between the river margin (0.1 g AFDM m-2 d-1; F1, 19=0.23, 
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(g  AFDM m-2 d-1) 
Ambient Periphyton  
AFDM (g m-2) 
1 Upstream pool 0.10 8.00 
 River margin 0.10 23.60 
3 Upstream pool 0.35 4.05 
 River margin 0.08 4.51 
8 Upstream pool 0.08 3.93 
 River margin 0.21 4.84 
10 Upstream pool 0.10 4.97 
 River margin 0.11 3.62 
 
6.3.4 Biodiversity among the confluence zones 
 
In total 123 macroinvertebrate taxa (Appendices Chapter 6a,b&c) were collected in 
this study, with the highest level of richness at confluence zone 8 (57 taxa) and the lowest at 
confluence zone 6 (30 taxa). Relative abundance (i.e., individuals per kick sample) varied 
from an average of 103 ± 47 individuals at the confluence zone 11 to a maximum average 
of 458 ± 220 individuals at confluence zone 7. The lowest level of biomass was 18.74 ± 11 
mg at confluence zone 10 and highest was 100.51 ± 15 mg at confluence zone 9. There was 
no difference in macroinvertebrate richness (F10, 19= 1.12, p= 0.4), abundance (F10, 19=2.2, p= 
0.1) or biomass (F10, 19= 1.8, p=0.12) between the confluence zones.  Two genera of shrimp 
were present in this study including Macrobrachium and Caridina, however due to some of the 
small shrimp sizes it was not possible to identify all them to genus level therefore shrimp 
were analysed together. Confluence zone 6 had the highest relative abundance (30 ± 29 
individuals) and biomass (9064.5 ± 9063 mg) of shrimp, the high standard deviations is due 
to only 1 shrimp being present at the river margin and 58 shrimp present in the upstream 
pool. There were no shrimp at any of the sites at confluence zone 2. There was no significant 
difference in relative shrimp abundance (F10, 19=1.59, p=0.2) or biomass (F10, 19=1.24, p=0.3) 
between the confluence zones.  
6.3.4 Biodiversity at river margin, river-stream interface and upstream pool  
 
Total richness was highest at the upstream pool (96 taxa) followed by the river-stream 
interface (90 taxa) and the river margin (73 taxa). Average relative abundance was highest at 
the river-stream interface (278 ± 26 individuals), followed by the river margin (124 ± 21 
individuals) and the upstream pool (205 ± 15; Fig. 6.5). Biomass (per kick sample) was 
highest at the river-stream interface (61.26 ± 6 mg), followed by the upstream pool (42.25 ± 
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3 mg) and the river margin (32.65 ± 9 mg). There was no difference in macroinvertebrate 
richness (F2, 27=2.2, p=0.13), abundance (F2, 27=2.3, p=0.12) or biomass (F2, 27=2.3, p=0.12) 
between the sites, however ANOVA coefficients suggest there are differences in 





Figure 6.5. Bar plots with richness, average abundance and biomass (AFDM) of macroinvertebrates per kick sample 
at the river margin, river-stream interface and upstream pool. Error bars represent standard deviation (river margin 
n= 11, river-stream interface n = 8, upstream pool n = 11).  
 
The highest abundance of shrimp were found at confluence zone 6 (upstream pool) 
with 58 shrimp present and a biomass of 16,314 mg (Fig 6.6). Although there was no 
difference in shrimp biomass between the river margin, river-stream interface and upstream 
pool (F2, 27=2.3, p=0.12), the ANOVA coefficients suggest that the upstream pool had 
significantly higher biomass of (p=0.04). There was no difference in shrimp abundance 
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Figure 6.6. Bar plots with average abundance and biomass (AFDM) of shrimp per kick sample at the river margin, 
river-stream interface and upstream pool. Error bars represent standard deviation (river margin n= 11, river-stream 
interface n = 8, upstream pool n = 11).  
 
Ephemeroptera was the most abundant Order making up 42% of individual taxa at 
the river margin, 28% at the river-stream interface and 29% at the upstream pool. Other 
abundant Orders (>10%) at the pools include Diptera, Coleoptera and Trichoptera. In terms 
of biomass, Ephemeroptera was also the most abundant at the river margin (51 %), river-
stream interface (32%) and upstream pool (34%). However, at the river margin this was 
followed by Diptera (22%) and Coleoptera (18%); animals adapted to withstanding fast 
flows. While at the river-stream interface and upstream pool, it was followed by Odonata 
(26% and 17% respectively), with Trichoptera the third most abundant at the river-stream 
interface (12%) and Coleoptera at the upstream pool (17%). The macroinvertebrate 
community at confluence zone 1’s river-stream interface had a structure unique compared 
to the other confluences, containing taxa that are normally found in fast flowing biotopes 
including Hydropsychidae, Eulichas (Family: Eulichadidae) and Simuliidae.    
In terms of community structure, the NMDS analysis had a stress of >0.2 for both 
biomass and abundance data, which suggests that there were no strong differences among 
either the study units (e.g., R, I, U) or the eleven confluence zones (Fig. 6.1). The cluster 
analysis further supports this with no distinct grouping by study units or confluence zone 
(Fig 6.7), except the sites with shrimp as their biomass is significantly larger than other 
macroinvertebrates. This results in a 90% difference between the sites that contain shrimp 
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p=0.08) highlight the NMDS and cluster analysis findings and further demonstrate that there 
is little difference in macroinvertebrate communities between the river margin, river-stream 
interface and upstream pool. SIMPER analysis showed no site with higher average similarity 
above 30% (Table. 6.4). Elmidae larvae (morphospecies: genus 1) has the highest 
contribution of similarity to the river margin, whilst Macrobrachium (shrimp) had the highest 
similarity for confluence (74%) and tributary (28%). Regression analysis showed no 
correlation between taxa with organic matter, ambient periphyton levels or periphyton 
growth. 
 
Figure 6.7.  Biomass of macroinvertebrates and shrimp with the main divide at 90+% can be explained by high 
abundances of shrimp. The letter represents the site; river margin (R), river-stream interface (I) and upstream pool (U), 
while the number is the tributary.  
 
 
Table 6.4. SIMPER analysis of taxa contributing to the observed similarities between the biotopes. Summary results 
of the percentage contribution and the cumulative contribution of contributing taxa to each biotope. L= larvae 





River margin Average similarity: 25% 
Elmidae-Genus1- Larvae 29.37 29.37 
Euthraulus 14.38 43.76 
Caenis 13.04 56.80 
Compsoneuria 7.60 64.40 
Procloeon                 5.80 70.21 
River-stream interface: Average similarity: 26 % 
Caridea (Shrimp) 73.81 73.81 
Caenis 4.48 78.29 
Compsoneuria                                        4.00 82.29 
Upstream pool: Average similarity: 28% 
Caridea 61.88 61.88 
Euphaeidae 7.25 69.12 
Elmidae-Genus1- Larvae 5.55 74.68 
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River confluence zone ecology has predominantly focused on the influence of 
tributaries on the main river’s ecology and geomorphology, with less work on the opposite 
effect of the main river affecting its tributaries (however see Beckmann et al., 2005 and 
Wilson and McTammany 2014). The larger size of Belalong and Temburong Rivers, 
compared to the smaller tributaries in the catchment, means during flood events the water 
in these rivers have higher discharges with more potential energy. As the banks are steep 
with no floodplain the river is unable to expand laterally except for flowing up into their 
tributaries. During the frequent storm events, hydraulic damming and even reversing flows 
occur. The frequent and localised flood events in Ulu Temburong national park drive the 
interactions between the main river and its tributaries. This investigation of 11 confluence 
zones found the river-stream interface had higher macroinvertebrate abundance and 
biomass, while shrimp biodiversity is suggested to be highest in the upstream pool. However, 
this study found no statistical differences in organic matter or periphyton between the sites 
at the confluence zone.  
In this study, there was no difference in the amount of organic matter (leaves, wood 
debris, and other material) among the confluence zone study sites. Observations of 
backwater channels in South America have found that close to the upstream limit of the 
backwater effect there is deposition of the coarser organic and non-organic matter, while 
closer to the river margin the finer sediments and organic matter settle out (Rosales et al., 
2007). In Ulu Temburong National Park there are ~250 species of trees (Cranbrook and 
Edwards, 1994); the tributaries that wind through the forest collect a vast array of leaf litter 
and wood debris, therefore the confluence has a diverse mix of organic material. The 
predictable pattern of flood events, which cause this hydraulic damming in the tributaries of 
Ulu Temburong, cause patches of organic matter to be consistently reshaped and replaced 
by new material being washed down from upstream. Regardless, the pattern does not seem 
to affect the benthic invertebrates (R=0.01). However, further studies are required to 
quantify the import and export of organic matter to understand retention times at the river 
confluences and assess if over longer time periods there are differences in organic matter at 
the confluence compared to upstream of the tributary.  
The phenomenon of hydraulic damming does not just happen on the small 
tributaries, with interactions occurring on Temburong and its tributary, Belalong. Hydraulic 
damming can occur on Belalong on a weekly basis, while flood events that cause Temburong 
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to flow up Belalong occurring every few years (Chua, Kuala Belalong FSC manager, personal 
communication; Fig. 3.7). The steep valleys of the national park restrict bankful widths on 
the Temburong, therefore increasing the discharge, and when the river reaches the 
confluence of Belalong, the river either blocks Belalong’s flow or it starts flowing up it. This 
interaction between main rivers and their tributaries can be described (and classified) as 
places of discontinuity, where abrupt changes in the physical and biological conditions occur. 
However, in another sense, tributaries and their confluences can be compared to places of 
lateral connectivity, likened to the interactions of rivers with their floodplains, groundwater 
and the sea in the form of estuaries (Ward and Stanford, 1995; Attrill and Rundle, 2002; 
Bunn and Arthington, 2002; Hohausová et al., 2003). In catchments like Ulu Temburong 
where frequent flood events have the power to scour out biota and functional habitats, these 
tributaries could be seen as important places of storage of functional habitats and refuge for 
biota.   
In this study, average periphyton growth rates (0.14 g-2 d-1) and ambient periphyton 
levels (7.7 g m-2) were similar to other streams in Ulu Temburong catchment. For example 
in 2014, in the pools of Sungai Lower Apan, Sungai Esu and Sungai Threelan the average 
periphyton growth rate was 0.06 g-2 d-1 and average ambient periphyton was 4.1 g m-2. 
However, confluence zone 1 river margin was an exception, with ambient periphyton levels 
of ~24 g m-2 (Table 6.3). It was expected that the river margin would have higher periphyton 
levels as a result of the wider channel on the main rivers, creating an open canopy and 
allowing more sunlight which would promote periphyton growth (Power and Dietrich, 2002; 
Kiffney et al., 2006). However, this study found no significant difference in ambient 
periphyton levels or periphyton growth levels between river margin and the upstream pools. 
This was surprising due to the different environmental conditions, including differences in 
canopy cover and potential difference in other aquatic communities including fish, which are 
known to occur in higher abundances in the main river and promote periphyton growth rates 
(Pringle and Hamazaki, 1997; Moulton et al., 2010). However, there are many factors (e.g., 
light, nutrients, grazing pressure, scour) that affect periphyton growth (Biggs et al., 1998). 
These need to be investigated at each site to understand which are important in influencing 
periphyton growth in the confluence zone.  
In this study a total of 123 macroinvertebrate taxa were collected, this total richness 
was higher compared to the richness of pools in the study tributaries of Temburong and 
Belalong, which are not affected by confluence disturbance (Chapter 7). In the 5 sampled 
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pools of Sungai Lower Apan a total of 37 taxa were reported, while 50 taxa were reported in 
5 sampled pools of Sungai Esu and 61 taxa were found in the 6 pools of Sungai Threelan. 
Higher macroinvertebrate richness in the confluence zones compared to the pools upstream 
in the tributaries may be a reflection of the more dynamic hydrology. In terms of community 
analysis, apart from sites with shrimp present, the macroinvertebrate communities were 
similar in and among sites at the confluence zone (Fig 6.7). However, more effective shrimp 
surveying techniques are required such as trapping to get a better estimate (Jacobsen et al., 
2008). In other confluence studies there have been reports of similarities in 
macroinvertebrate communities in the main river and the tributary, which was suggested to 
be due to similarities in bed material between the main river and tributary, and due to adult 
dispersal between the tributary and main river (Wilson and McTammany, 2014). Upstream 
larval dispersal over short distances can also occur during base flow (Elliott, 2003) and 
dispersal during flood spates has been recorded (Beckmann et al., 2005). The frequent floods 
at Ulu Temburong would suggest that the latter could occur regularly in my study sites. 
Blanco-Belmonte (2006) found that benthic invertebrate communities changed along the 
confluence zone of a backwater channel with specialist species occurring in high abundances 
in the more dynamic parts of the confluence. However, Blanco-Belmonte (2006) also found 
some taxa were not influenced by the confluence and instead by the presence of functional 
habitats such as wood debris, leaf litter or alluvial sediments. In my study I found no 
correlation between macroinvertebrates with differing quantities of organic matter or 
periphyton which suggests that the system is physically controlled by the frequent flood 
events.  
Although macroinvertebrate community structure was generally similar between the 
sites, the SIMPER analysis (Table 6.4) did show that elmids contributed to community 
similarities between the river margin sites. These animals are small in size and adapt at 
withstanding fast flows by attaching to moss or taking refuge in between cobbles. Mayflies 
were also abundant in the river margin, including the flattened mayfly (Compsoneuria) adapted 
to graze algae in fast flows due to its dorsally compressed body. The community at the 
confluence and tributary were different to the river margin due to higher abundances of 
shrimp. In terms of macroinvertebrate abundance and biomass, the results suggest higher 
levels at the confluence site compared to the river margin and tributary (Fig 6.5). This could 
be due to lower disturbance compared to the river margin, being slightly protected from 
scouring flows at the river margin but more dynamic than tributary pools with pulses of 
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organic matter from the main river. Beckmann et al (2005) found during flood events, current 
velocity upstream from the tributary mouth was 40-50 % lower compared to the main 
channel of the Rhine. This high level of disturbance at the confluence mouth was suggested 
to cause lower levels of macroinvertebrates richness and total density compared with sites 
further upstream (Beckmann et al., 2005). The lower levels of velocity just upstream from 
the river margin would likely to increase sedimentation and increase levels of fine substrate 
on the riverbed. Macroinvertebrate communities are known to be influenced by substrate 
(Rice et al., 2001) and at my sites the highest abundance and biomass of macroinvertebrates 
was found with substrate comprising of ~70 % sand, which may enable burrowing to escape 
fast flows. 
Shrimp can occur in high densities in the headwaters of tropical streams and have 
significant impact on ecosystem functions (Power 1984; Flecker 1992; Rosemond et al., 
1998). In this study two genus, Macrobrachium and Caridea, were present. The former is the 
most abundant and common shrimp in the streams of Ulu Temburong National Park 
(Wowor, personal communication, 2015). Macrobrachium have been found to exhibit 
aggressive behaviour in the Neotropics, which can cause other shrimp to take shelter (Crowl 
and Covich, 1994; March et al., 2001). In other studies of benthic community patterns in the 
streams of Ulu Temburong, I have only found Macrobrachium (Chapter 7 and 8). It is therefore 
interesting that in this study Macrobrachium and Caridea were found together (tributary 4- 
confluence), and possibly at other sites but identifications of shrimp to genus level was not 
possible. As shrimp are omnivorous it was predicted that they would be most abundant in 
sites with the highest amount of organic matter (river-stream interface), instead the highest 
abundance and biomass was in the upstream pool, the furthest away from the main river. 
Fish are known to use confluences as refuge during high river discharges (Lucas et al., 2001; 
Brown and Hartman, 1988) and in tropical streams high densities of shrimp are usually found 
in the smaller tributaries above high gradient riffles or waterfalls, where there is a refuge from 
fish predation (See Chapter 8; Pringle et al., 1993; March et al., 2002; Covich et al,. 2009).  
6.5 Conclusion 
 
This study suggests there is a stronger link between confluence hydrology and 
macroinvertebrates, than with organic matter and periphyton. The flashy flows in tropical 
streams create a very dynamic benthic habitat, that is constantly changing and my results 
suggests that the taxon reflect the hydraulic differences more accurately than single 
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measurements of the organic matter and periphyton. This is not surprising given that the 
communities often tell the ‘longer story’ (e.g., macroinvertebrates being used as indicators for 
water quality; Giller and Malmqvist 1999). Similar results were found in the pilot study 
(chapter 4), where macroinvertebrates reflected the biotopes more closely compared to the 
one off physical measurements. Due to the frequency of the flood events, a long term data 
set would be required to understand ambient periphyton levels and the lateral two-way 
exchange of organic matter that occurs between the tributaries and the main rivers. In the 
upper part of the Temburong catchment where the channels are restricted by high banks, 
the tributaries may be important areas of storage for organic matter during flood events and 
be biodiversity ‘hot spots’ for macroinvertebrates. The expansion of the main rivers in the 
confluence zone of the tributaries during flood events may have a similar function to a 
floodplain and thus vitally important to the river ecosystem.  
 
.
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Chapter 7: Fluvial biotopes influence 
macroinvertebrate biodiversity in Southeast Asian 




Human activities are increasing the urgency for investigating basic tropical stream 
ecology (Dolný et al., 2011, Dudgeon 2015, Lewis et al., 2015, Ramírez et al. 2015). This is 
particularly apparent in Southeast Asia, where rising world demand for palm oil is driving 
deforestation. In spite of this phenomenon, large areas of the Southeast Asia tropics are not 
being actively studied (Ramírez et al., 2015). This includes Borneo, an island that is home to 
one of the oldest rainforests in the world. A recent study suggests that approximately 80% 
of Malaysian Borneo rainforests have been severely impacted by deforestation and 
conversion to palm oil plantations (Bryan et al., 2013). This land use change and subsequent 
loss of aquatic biodiversity limits the ability to study the properties of natural systems.  
One approach to studying tropical stream ecology is the classification and mapping 
of invertebrates associated with geomorphic and hydraulic conditions. This technique has 
provided a robust evaluation of the importance of hydraulics, sediment dynamics, and 
geomorphology on temperate stream habitats (Bunn and Arthington 2002, McManamay et 
al., 2014, Villeneuve et al., 2015) and is operationally referred to as “biotope theory” (Dahl 
1908, Townsend and Hildrew 1994, Newson and Newson 2000). At its core, biotope theory 
is based on observable environmental conditions (Jowett 1993, Wadeson 1995, Padmore 
1998, Newson and Newson 2000, Clifford et al., 2006). As such, biotopes refer to the abiotic 
environment; in streams and rivers, these are typically observed as surface flow features (i.e., 
flow biotopes), such as riffles, pools, and waterfalls. These biotopes reflect combinations of 
substrate type, depth, and velocity, which ultimately influence macroinvertebrate biodiversity 
(Newson and Newson 2000, Parasiewicz 2007; Table 2.1).    




2 This chapter is accepted for publication in the Journal Ecosphere 
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Few studies conducted in the tropics have strictly employed biotopes as a sampling 
framework (Furtado 1969, Quentin 1973, Dudgeon 1994, Yule 1996, Ramírez et al., 1998, 
Principe 2008). However, other studies have modified biotope theory to assess longitudinal 
assemblage structure of tropical rivers (Bishop 1973, Rundle et al., 1993, Greathouse et al. 
2005). Not surprisingly, there is still much to learn about the mechanisms by which the 
structure, compositions, and patterns of biotopes can affect macroinvertebrate biodiversity 
in the tropics (Bisson et al., 1982, Ramírez and Pringle 1998, Cheshire et al., 2005, Md Rawi 
et al., 2014).  
The configuration and hydraulic properties of biotopes are highly variable and 
depend on the process by which they were formed and position in the channel (Bisson et al., 
1982). Many tropical headwaters experience flash floods and are categorized as relatively 
unpredictable systems (Boulton et al., 2008). This range in conditions can result in biotopes, 
especially those with mixed substrates (i.e., pools and riffles), exhibiting a continuum of 
conditions, which may result in two distinct environments. For example, during low flows, 
tropical streams are complex systems exhibiting a mix of flow biotopes (i.e., pools, riffles, 
and cascades) and functional habitats (i.e., wood debris, leaf litter, cobbles, and gravel; sensu 
Harper et al., 1995, Harvey et al., 2008); however, during a flood event these streams become 
homogeneous as water rises to form a uniform a flood biotope. For naturally disturbed 
systems, fixed habitat features create refuge space for macroinvertebrates during high flows 
(Bond and Downes 2000), suggesting that some biotopes and habitat features may have a 
disproportionate importance on the maintenance of biodiversity (Buendia et al., 2014).  
It is vitally important to increase our understanding of tropical stream ecosystems in 
order to assess and mitigate the impacts of forest modification and destruction on 
biodiversity (Dolný et al., 2011). Streams flowing through Ulu Temburong National Park in 
northern Borneo are still surrounded by unlogged primary rainforest, with no roads (Sheldon 
2011). This provides a unique opportunity to study the importance of biotopes in preserving 
macroinvertebrate biodiversity. This paper aims to evaluate macroinvertebrate biodiversity 
and community structure among three study streams in four types of biotopes: pools, riffles, 
cascades, and waterfalls. This study specifically evaluates the importance of biotopes, rather 
than streams or reaches, for the operational scale of biodiversity.  
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7.2  Methods 
7.2.1 Study Sites 
 
This project was conducted in Ulu Temburong National Park in the Temburong 
district of Brunei, northern Borneo (Fig 7.1). The national park has sharp topography; the 
elevation of Kuala Belalong is 30 m.a.s.l., but rises to mountain peaks of 1,850 m.a.s.l. at 
Bukit Pagon and 913 m.a.s.l. at Bukit Belalong (Dykes 1994). The area is composed of deep 
V-shaped valleys with no floodplains and many waterfalls occur along the tributaries that 
drain the mountains. The geology is characterized by sedimentary rocks with some sandstone 
pebbles that have been transported from the headwaters in the southeast. Brunei has a 
tropical climate, which is weakly influenced by the South East Asia monsoon season (Dykes 
1996). Despite the annual climate pattern, daily weather in the Temburong National Park is 
very erratic. Most rain originates as convection cells; as the cells rise over Bukit Belalong and 
Bukit Pagon, they condense, producing heavy rainfall (Cranbrook and Edwards 1994). Dykes 
(1997) has argued that no month can be considered dry as every month of the year receives 
an average of over 200 mm of rainfall.  
 
Figure 7.1.  Brunei is situated in the north of Borneo. The country is split into two contiguous regions, with Ulu 
Temburong National park located within the Temburong district. Kuala Belalong Field Study Centre (KBFSC) and 
the study reaches including Lower Apan, Esu and Threelan (highlighted by asterisks) are all within the national park.  
 
Three streams situated near the Kuala Belalong Field Study Centre (KBFSC) were 
the focus of this study: Sungai Lower Apan, Sungai Esu, and Sungai Apan Threelan (Fig 7.1). 
All three streams are tributaries of Sungai Belalong or Sungai Temburong and were chosen 
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because they each contain a mixture of biotopes. Further, these streams are uninfluenced by 
anthropogenic factors, and their natural water quality is high (Sheldon 2011), which is 
important because variation in water quality impacts biodiversity patterns (Everaert et al., 
2015). Lower Apan has the longest reach (90 m), exceeding those of Esu (70 m) and Apan 
Threelan (75 m). For each stream, the survey locations started just before the first waterfall 
upstream from each confluence with the main rivers (Belalong or Temburong). Esu and 
Apan Threelan had waterfalls higher (approximately 6 m high) than those of Lower Apan 
(approximately 3 m high). Sampling locations began 360 m upstream from the confluence 
of Apan Threelan and Temburong, 157 m upstream from the confluence of Esu and 
Belalong, and 60 m upstream from the confluence of Lower Apan and Temburong (Fig 7.1). 
Sampling was conducted during April 2013. 
7.2.2 Field Methods  
 
Biotopes (i.e., pools, riffles, cascades, and waterfalls) were mapped in each of the 
study reaches by observing river surface features at baseflows (Newson and Newson 2000, 
Parasiewicz 2007). For the Lower Apan reach, 14 biotopes were sampled: 5 pools, 2 riffles, 
5 cascades, and 2 waterfalls. For the Esu reach, 10 biotopes were sampled: 5 pools, 1 riffle, 
2 cascades, and 2 waterfalls. For the Threelan reach, 11 biotopes were sampled: 6 pools, 2 
riffles, 1 cascade and 2 waterfalls. Across the entire study 16 pools, 5 riffles, 8 cascades, and 
6 waterfalls were sampled. Features of each biotope habitat were measured. Large habitat 




Figure 7.2.  Extensive debris dam at a waterfall on Esu. The man indicates scale.  
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Conversely, habitat features, such as leaf litter, can occur within biotopes. Physical 
conditions of the biotopes were measured with surveying tapes and meter sticks and included 
wetted and bank-full width and channel depth. Stream velocity was measured using an 
electromagnetic flowmeter (Valeport® model 801; Valeport Ltd., Totnes, UK). Benthic 
substrates were assessed visually and categorized according to percent gravel, cobble, 
boulder, and bedrock. The presence or absence of functional habitats was recorded including 
wood debris (large and small), leaf litter, and moss; trailing roots in all biotopes were also 
recorded.   
Benthic macroinvertebrates were sampled in each biotope using a Surber sample 
(0.10 m2; 250-micron mesh). Decapods are not effectively sampled by Surber sampling 
(Jacobsen et al., 2008) and therefore were not included in this study. Due to the low 
macroinvertebrate densities, three samples were composited for each biotope.  
7.2.3 Laboratory Methods 
 
Owing to requirements of specimen export permits, macroinvertebrate samples were 
processed under (10×) magnification at KBFSC and preserved in 70% ethanol. Once 
exported to the UK, macroinvertebrates were identified to the lowest practical taxonomic 
level and enumerated; total body lengths were measured to the nearest 0.5 mm. The 
macroinvertebrate diversity of Borneo is still mostly undescribed; therefore, identifications 
were made using the few keys available, including Dudgeon (1999) and Yule and Yong (2004) 
as well as open source identification methods. Most specimens were identified to the genus 
level or morphotyped to a similar level. However, some taxa, such as Coleoptera and Diptera 
specimens, could only be identified to the family level (Manfred, personal communication, 2014; 
Yule 2004).  
Taxa-specific ash-free dry mass (AFDM) was calculated using length–mass 
regressions (Benke et al., 1999, Sabo et al., 2002, McNeely et al., 2007). When no taxon-specific 
equations were available, estimates were made using equations from taxa with similar body 
shapes (Ramírez and Pringle 1998). Where only dry mass (DM) estimates were available, 
values were converted to AFDM following Waters (1977).   
7.2.4 Data Analysis 
 
Macroinvertebrate biodiversity, richness, density, and biomass (AFDM) were 
quantified for all of the biotopes in each of the tributaries. Comparisons among tributaries 
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and biotopes were carried out via a two-way ANOVA followed by Tukey post hoc tests. 
Richness and density met the required statistical assumptions (i.e., normally distributed and 
homoscedastic residuals), but biomass was square-root transformed in order to minimize 
deviations from normality and homoscedasticity. Similarity percentage analysis (SIMPER) 
was used to identify the taxa that contributed most to the average dissimilarity among 
biotopes. Analysis of Similarities (ANOSIM; Clarke, 1993) was used to test for differences 
in abundance and composition of macroinvertebrates among the biotopes. The global R 
statistic, which ranges from -1 to +1, measures the distinctiveness of the grouping according 
to ANOSIM. Values close to 1 indicate high similarity among groups, 0 indicates that there 
is no relationship in composition among the groups, and -1 indicates samples are distinct to 
each group. Abundance data were used for both SIMPER and ANOSIM, and both of these 
tests use the Bray–Curtis index, a popular dissimilarity index for ecological data (Borcard et 
al., 2012).   
Macroinvertebrate assemblage structures were examined among biotopes using a 
hierarchical cluster analysis carried out using Bray–Curtis index values (Thomas et al., 2011). 
Bray–Curtis dissimilarity matrices were calculated, summarizing the compositional 
dissimilarity of sites based on the density of taxa at each site. Nonmetric multi-dimensional 
scaling (MDS) analysis was used to test the robustness of groups defined by the cluster 
analysis. MDS is a flexible statistical tool with few statistical assumptions. The stress value 
was 0.16, which indicates a good ordination (Clarke and Warwick 2011). Environmental data 
were fitted to the ordination using the ‘envfit’ function of the vegan package in the statistical 
computing environment R (R Core Team 2013). The ‘envfit’ function uses mixed 
environmental data including both continuous variables and categorical data (Oksanen 
2016). Only the statistically significant environmental variables (i.e., p < 0.05) were fitted and 
are independent to the MDS ordination.  
7.3 Results 
7.3.1 Site Description  
 
Many biotopes in Lower Apan were unconstrained laterally, transitioning directly 
from the stream to the rainforest, whereas Esu and Apan Threelan were constrained by 
riparian bedrock, resulting in narrower bankfull widths. Thus, the Lower Apan had more 
trailing roots and terrestrial vegetation at the margins of the stream compared to the other 
study reaches. All of the study reaches exhibited evidence of landslides, and large wood 
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debris was often found to be lodged between waterfalls, sometimes creating dams. Many of 
these dams were quite large; for example, Figure 7.2 shows a large debris dam at a waterfall 
on Esu. 
Esu had the highest baseflow discharge (0.92 m3 s-1) compared to Lower Apan (0.62 
m3 s-1) and Apan Threelan (0.18 m3 s-1; Table 7.1 and Appendix Chapter 7a). However, 
bankfull width (F2, 23 = 1.84, p= 0.18) and wetted width (F2, 23 = 1.23, p= 0.30) did not differ 
among tributaries. Average depths differed significantly among tributaries (F2, 23 = 15.79, 
p=< 0.001) with Apan Threelan having the shallowest biotopes (0.16 m), followed by Lower 
Apan (0.25 m) and then Esu (0.37 m). Average velocities were higher along Lower Apan 
(0.39 m/s-1) than Esu (0.37 m/s-1) and Apan Threelan (0.20 m/s-1; F2,23 = 4.66, p= <0.05).  
 
Table 7.1. Average physical conditions including depth, wetted and bankfull width, velocity, and discharge of the three 











Lower Apan 0.26 5.58 8.79 0.39 0.62 
Esu 0.37 4.88 7.65 0.37 0.92 
Threelan 0.16 3.76 6.78 0.20 0.18 
Pool 0.47 5.47 7.15 -0.12 - 
Riffle 0.14 3.42 11.89 0.48 - 
Cascade 0.06 5.02 7.23 0.60 - 
Waterfall 0.07 3.90 7.07 1.01 - 
 
Bankfull widths differed among biotopes (F3, 23 = 3.56, p=< 0.05) with waterfalls 
(7.07 m) having the lowest average values and riffles having the highest (11.89 m). Wetted 
widths also differed among biotopes (F3, 23 = 33.95, p= < 0.05), with the lowest values 
occurring at riffles and waterfalls (<4 m) and highest values at cascades and pools (>5 m). 
Biotope depths differed (F3, 23 = 55.14, p= < 0.001), with average values lowest for the 
waterfalls and cascades (<0.10 m) and highest for the pools (>0.40 m). There was a 
difference in velocity among the biotopes (F3, 23 = 80.91, p= < 0.001), with the lowest average 
velocity in the pools (-0.12 m s-1) and highest in the waterfalls (1.01 m s-1). Pools and riffles 
contained a mix of gravel, cobbles, and boulders, whilst cascades and waterfalls were 
dominated by bedrock (<80% coverage; Fig 7.3). Pools had the highest percentage presence 
of functional habitats compared to the other biotopes with 88% of pools having leaf litter 
(Table 7.2). Cascades and waterfalls had the lowest percentage presence of functional habitats 
with moss occurring in the highest percentage (Table 7.2).  
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Figure 7.3.  Percentage substrate (gravel, cobbles, boulders, and bedrock) of the three study streams (pooled across all 
biotopes) and of the four biotopes (pooled across all study reaches).  
 
Table 7.2.  Percentage presence of functional habitats of the three study streams (pooled across all biotopes) and of the 








Moss % Trailing  
roots % 
Lower Apan 25 38 63 44 44 
Esu 44 56 50 38 6 
Threelan 31 50 63 31 13 
Pool 56 81 88 25 38 
Riffle 19 31 31 19 13 
Cascade 6 25 38 31 6 
Waterfall 19 6 19 38 6 
 
7.3.2 Biodiversity of the Study Reaches 
 
In total, 119 taxa were collected in this study. After pooling all the biotopes in each 
study reach, total richness was lowest at Lower Apan (71 taxa), followed by Esu (77 taxa) 
and then Apan Threelan (81 taxa; F3, 23 = 9.02, p= < 0.001; Fig 4; Appendix Chapter 7b). 
Average biomass was also lowest at Lower Apan (65 mg m-2), followed by Esu (176 mg m-2) 














Waterfall Cascade Riffle Pool 
Gravel Cobbles Boulders Bedrock 
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in macroinvertebrate density among the tributaries (F3, 23 = 2.59, p= 0.07). A Tukey post hoc 
test showed richness and biomass at Lower Apan were significantly lower than at Apan 
Threelan and Esu. ANOSIM showed an overall difference in the macroinvertebrate 
community structure among the three tributaries (global R = 0.31; p= 0.03). These 
differences were illustrated by the SIMPER analysis, which revealed average similarity 
between taxa was highest for Apan Threelan (51%), followed by Esu (47%), and then Lower 
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Figure. 7.4. Richness, density, and biomass (ash-free dry mass; AFDM) of macroinvertebrates for Apan Threelan, 
Esu, and Lower Apan as well as for each biotope (cascade, waterfall, riffle, and pool). Error bars represent standard 
deviations (Lower Apan, n = 14; Esu, n = 10; Apan Threelan, n = 11; waterfall, n = 6; cascade, n = 8; riffle, n 
= 5; and pool, n = 16). Taxa richness (F = 9.02, p < 0.001) and biomass (F = 9.46, p < 0.001) differed among 
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Table 7.3.  SIMPER analysis of the top taxa contributing to the study sites. Percentage contribution and the 







Threelan: Average similarity: 50.59   
Elmidae Genus 1 L                 13.85 13.85 
Non-predacious Chironomidae     12.83 26.68 
Predacious Chironomidae        12.39 39.07 
Caenis                       8.68 47.76 
Anisocentropus               7.73 55.49 
Esu: Average similarity:  46.5   
Elmidae Genus 1 L                 16.76 16.76 
Predacious Chironomidae        11.53 28.29 
Euthraulus                   9.77 38.06 
Potamanthus                  8.29 46.35 
Caenis                       7.68 54.03 
Lower Apan: Average similarity: 40.96   
Simuliidae                   16.65 16.65 
Euthraulus                   14.33 30.98 
Elmidae Genus 1 L                 13.84 44.83 
Non-predacious Chironomidae     11.69 56.52 
Neoperla                     6.92 63.44 
 
 
Pooling together all benthic macroinvertebrates revealed Diptera (38%) was the most 
abundant order, with the highest number of individuals sampled from the three streams. 
Other dominant orders included Coleoptera (21%), Ephemeroptera (20%), Trichoptera 
(9%), and Plecoptera (5%; Appendix Chapter 7b). In addition to these biodiversity 
measurements, there were some first recordings of aquatic insects: Compsoneuriella sp. 
(Ephemeroptera: Baetidae); Pelthydrus elongatulus (Coleoptera: Hydrophilidae; Schonmann 
1995), Schinostethus sp. (Coleoptera: Psephenidae), Dryopomorphus memei (Coleoptera: Elmidae; 
Čiampor et al., 2012, Sartori and Gattolliat, personal communication, 2014, Manfred, personal 
communication, 2014).  
7.3.3 Biodiversity among Biotopes 
 
There were differences in average richness among all biotopes (waterfalls, cascades, 
riffles, and pools; F3, 23 = 3.97, p= < 0.05). Post hoc tests revealed significant differences both 
between riffles and cascades (p= < 0.05) and between riffles and waterfalls (p= < 0.05). Based 
on two-way ANOVAs (using stream and biotope as factors), waterfalls at Lower Apan had 
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significantly lower richness than waterfalls at Esu and Apan Threelan (F3, 23 = 3.97, p=< 
0.05). However, no difference in density (F3, 23= 0.50, p= 0.69) or biomass (F3, 23 = 2.54, p = 
0.08) was observed among the other biotopes. For overall community structure, ANOSIM 
showed a strong difference among biotopes (global R = 0.71; p= 0.01).  This result was 
supported by the SIMPER analysis, which showed average similarity between 
macroinvertebrates was highest in the pools (51%), followed by riffles (43%), waterfalls 
(44%), and cascades (19%; Table 7.4). Community ordination analysis using individual taxon 
densities showed community structure among the biotopes (Fig 7.5; stress = 0.16; Clarke 
and Warwick 2001).  
 
Table 7.4.  SIMPER analysis of the top taxa contributing to the observed similarities between the biotopes. The 
percentage contribution and the cumulative contribution of contributing taxa within each biotope are shown as 







Pool Average similarity: 51.44   
Elmidae Genus 1 L                 15.95 15.95 
Predacious Chironomidae      11.68 27.63 
Euthraulus                   11.46 39.09 
Non-predacious Chironomidae    10.71 49.8 
Caenis                       7.70 57.51 
Riffle Average similarity: 42.54   
Elmidae Genus 1 L                 15.50 15.5 
Simuliidae                   13.51 29.02 
Scirtidae Genus 1 L               9.52 38.53 
Neotelmatoscopus             8.41 46.95 
Neoperla                     7.95 54.9 
Cascade Average similarity: 19.06   
Simuliidae                   28.91 28.91 
Non-predacious Chironomidae    12.88 4 1.79 
Hydromanicus                 11.15 52.94 
Neotelmatoscopus             10.66 63.6 
Asiobaetodes                 9.87 73.47 
Waterfall Average similarity: 44.43   
Simuliidae                   43.62 43.62 
Neotelmatoscopus             9.47 53.08 
Potamyia                     9.06 62.14 
Elmidae Genus 1 L                 7.08 69.22 
Non-predacious Chironomidae  5.51 74.73 
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Figure 7.5.  Ordination of macroinvertebrate density among sampled biotopes. Environmental data were fitted to the 
ordination axis using the envfit function of the vegan package in R. The environmental factors displayed are those that 
are most strongly correlated with the taxa. This includes velocity, gravel (G), cobbles (C), and bedrock (BR; p < 0.001) 
as well as depth, small wood debris (SWD), and moss (M; p < 0.05). The biotopes are represented as symbols: pool, 
black triangle; riffle, black circle; cascade, white square; and waterfall, black star. List of taxa abbreviations are in 
the Appendix Chapter 7b (Stress = 0.16)  
 
Ordination axis 1 likely represented a gradient of both substrate and velocity, in 
which higher velocities and increased bedrock substrate were associated with waterfalls and 
cascades. In addition to gradients in velocity and substrate, axis 2 strongly reflected patterns 
in taxa richness. Specifically, sites AWF1, AWF2, and AC3 (each with <6 taxa) all clustered 
at the top of the plot. According to the analysis performed with BIOENV, the environmental 
factors that were most strongly correlated with biological variables were velocity, gravel, 
cobbles, and bedrock (p= < 0.001), along with depth, small wood debris, and moss (p= < 
0.05). As expected, pools and riffles were associated with increased depths and areas of 
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deposition, with a strong association with small wood debris, gravel, and cobbles. Bedrock 
and high flow velocities were associated with waterfalls and cascades. 
The dendrogram supports the results of the ordination analysis. There was a Bray–Curtis 
dissimilarity of >0.8 between the rock biotopes (cascades and waterfalls) and mixed substrate 
(riffles and pools; Fig 7.6). However, two waterfalls (TWF2 and EWF2) were separated from 
the rock biotopes, which may be explained by the higher richness of these waterfalls (25 
individuals) compared to other rock biotopes.  
 
 
Figure 7.6.  Dendrogram of the macroinvertebrate density of the biotopes. The first letters represent the study site and 
biotope type: E, Esu; T, Threelan; A, Lower Apan; C, cascade; RI, riffle; W, waterfall; and P, pool. Bold text is 
used to highlight fast flowing biotopes (i.e., cascades and waterfalls). 
7.4 Discussion 
 
This paper represents the first systematic study of aquatic macroinvertebrate 
community biodiversity in Ulu Temburong National Park; previous studies have focused on 
single orders, such as shrimp (Wowor and Choy 2001), dragonflies (Orr 2001), and 
Hemiptera (Zettle et al., 2008). Additionally, very few studies have evaluated the aquatic 
macroinvertebrate biodiversity of the few remaining pristine catchments in Borneo, although 
the Sungai Wain Protected Forest in East Kalimantan (Dolný et al., 2011) and Kubah 
National Park in Sarawak (Iwata et al., 2003) are exceptions. Although these national parks 
protect extensive pristine rainforest, this is not the norm in Borneo or Southeast Asia (White 
and Klum 2008, Miettinen et al., 2011). Widespread land-use degradation associated with 
conversion to agriculture limits the potential for baseline research and creates urgent pressure 
to characterize the tropical stream biodiversity of Southeast Asia. My results indicated that 
classification and mapping of macroinvertebrates based on biotope theory is a highly useful 
framework to investigate the biodiversity and community structure of tropical streams. 
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Furthermore, these results provide a more robust understanding of biotopes by considering 
the many linkages between the ecological, geomorphological, and hydrological properties 
that drive eco-hydromorphic complexity.  
7.4.1 Biodiversity of the Study Reaches  
 
My study reaches had higher total taxa richness (Lower Apan - 71 taxa, Esu -77 taxa, 
and Apan Threelan - 81 taxa) compared to similarly sized tropical streams (e.g., Sabalo 
stream, Costa Rica with 53 taxa: Ramírez and Pringle 1998; Rio Camuri Grande stream, 
Venezuela with 52 taxa: Cressa 1998). However, higher levels of richness have also been 
observed in Sungai Gombak (Peninsular Malaysia), where 204 morphospecies were identified 
(Bishop 1973); in Yuccabine Creek (northern Australia), where 267 morphospecies were 
recorded (Pearson et al., 1986); and in a mountainous stream (Papua New Guinea), where 
182 morphospecies were sampled (Yule and Pearson 1996). Dudgeon (1988) even recorded 
94 morphospecies from one riffle during one day of sampling in Tai Po Kau Forest stream 
(Hong Kong). These differences in taxa richness among tropical streams could be caused by 
differences in sampling, study intensity, and duration. However, Jacobsen et al., (2008) argues 
that these differences in taxon richness may not solely be the result of differences in sampling 
design and instead be due to natural regional and inter-regional patterns. Two separate 
studies, one conducted at a regional scale (Ecuador, Bojsen and Jacobsen 2003) and the other 
at an inter-regional scale (Hong Kong and New Guinea, Dudgeon 1994), had substantial 
differences in taxon richness between streams despite having similar sampling design.  
Variation in taxon richness was found among my study streams, with Lower Apan 
having the lowest richness and biomass compared to Esu and Apan Threelan (Fig 7.4). Given 
the close proximity of all of my sites, differences are likely explained by biotope distributions 
and other geomorphological differences. For example, Lower Apan had the highest number 
of cascade biotopes, which had the lowest levels of richness and therefore decreased the 
sampling totals for the whole reach. Thus this study, which assessed biodiversity on a biotope 
scale, may have allowed for a more complete consideration of biodiversity among the study 
streams. Previous studies, which have just focused on single biotopes, usually riffles or pools 
(Dudgeon 1988, Ramírez and Pringle 1998) likely are under representing aquatic biodiversity.  
Differences in biotope stream richness can also be related to the wider stream 
network. For example, Lower Apan was nearer to the confluence of the main river (Sungai. 
Belalong) relative to the other study sites. This could be associated with increased hydraulic 
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disturbance of the Lower Apan study reach, with scouring flows and increased interaction 
between the main river and the tributary, which reduce macroinvertebrate biodiversity. The 
proximity to the confluence also places it close to a source of fish, which are known to use 
the tributaries as refuges during high river discharges (Lucas et al., 2001). Higher numbers of 
fish were present at Lower Apan compared to the other tributaries (Baker et al., personal 
data); therefore, there may have been higher levels of predation or competition for resources. 
These patterns reflect processes that are affecting biotopes but are not related to stream 
flows. 
 
7.4.2 Biotope Biodiversity  
 
Differences in richness and community structure among the biotopes were most 
distinct between the bedrock-based biotopes (cascades and waterfalls) and mixed-substrate 
biotopes (pools and riffles). As shown by other studies (e.g., Rabeni and Minshall 1977, 
Erman and Erman 1984, Pearson 2014), current velocity, substrate size, and leaf litter were 
the main environmental correlates of taxon richness and community structure. Cascades 
consistently had the lowest richness, density, and biomass (Fig 7.4), and these were the least 
complex biotope, having few functional habitats. In addition, the substrate was smooth 
bedrock with little space for macroinvertebrate refuge (e.g., holes or crevices). In contrast, 
the riffles and pools had complex substrates composed of a mix of cobbles, boulders, and 
gravel as well as many functional habitats which support a range of macroinvertebrates (e.g., 
leaf litter, small wood debris, etc.), and promote higher macroinvertebrate richness. The level 
of waterfall complexity also appeared to affect biodiversity; some waterfalls were very simple, 
being composed mainly of smooth rock and thus were only habitable for filter feeders such 
as Simuliidae (Lower Apan, waterfall one, AWF1). Other waterfalls were geomorphically 
complex, with many ridges and holes, enabling a mix of leaf litter and small wood debris to 
become caught and thus increasing possible habitats for animals and therefore boosting 
biodiversity (Apan Threelan, waterfall one, TWF1). Beisel et al., (2000) found the highest 
levels of macroinvertebrate richness occurred in heterogeneous environments that provide 
a range of habitats for a variety of invertebrates. 
The similar macroinvertebrate communities found in pool and riffle biotopes may 
be attributed to frequent, high stream flow events, which occur in Ulu Temburong National 
Park (Dykes 1997). During these events, both biotopes experience similar hydrologic 
scouring events, which may have selected taxa that can withstand or require these conditions. 
 Chapter 7 Fluvial biotopes influence macroinvertebrate biodiversity in Southeast Asian tropical streams 
 
 Page 127 
 
For example, the abundance of rheophilic Simuliidae in pool biotopes reveals the importance 
of such flows, as these taxa require fast flows to deliver food (Giller and Malmqvist 1999). 
Evidence of scouring potential in these systems was clearly demonstrated at Esu, where 
substrates composed of thick layers of imbricated small pebbles and gravel were frequently 
observed. These substrates visibly shifted after each storm event, and in spite of this high 
level of disturbance, Esu had amongst the highest levels of biodiversity. My observation of 
the importance of scouring flows for promoting macroinvertebrate biodiversity is also 
supported for tropical streams that experience both aseasonal (Md Rawi et al., 2014) and 
seasonal floods (Dudgeon 1993, Leung and Dudgeon 2011, Pearson 2014).  
In most stream ecology studies, floods and associated high flows are viewed as 
disturbance events, which are often described as ‘resetting’ macroinvertebrate communities 
(Power et al., 1988, Resh et al., 1988). However, in systems that flood frequently, such as 
streams that drain tropical rainforests, these events may not be disturbances. Regardless, 
flash floods play an important role in structuring resident aquatic communities, especially the 
biotopes with high shear stress (pools and riffles) that undergo consistent abrasion. Sheldon 
(2011) studied comparative habitat use by grazing fishes in rivers flowing through the Ulu 
Temburong National Park and found biotic interactions were minimal, with the system being 
physically controlled by the frequent flood events. This observation and my findings may 
support theories that predation and competition can be less important in highly disturbance-
prone streams (Bishop 1973, Peckarsky et al., 1990, Yang and Dudgeon 2010). However, 
much more work is needed to elucidate these patterns in these tropical streams.   
7.4.3 Difficulties of Sampling Tropical Streams 
 
Collecting representative samples in any natural environment is challenging, but it is 
especially difficult in the tropics because species diversity is high and many taxa are rare 
(Gotelli and Colwell 2011, Chao et al., 2014, Hsieh et al., unpublished manuscript). In this study, 
I sampled more pools (16) than any other biotopes as these biotopes occurred between the 
faster flowing biotopes of riffles (5), cascades (8), and waterfalls (6). Sample-size-based 
rarefaction and extrapolation from the data show that from the 16 pools sampled most 
present taxa were likely sampled (a total of 83) and that by doubling the number of pools 
surveyed to 30, the number of sampled taxa would be predicted to increase to approximately 
100 (Fig 7.7).  
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Figure 7.7.  Sample-size-based rarefaction and extrapolation showing sampling effort was sufficient for each of the 
biotopes: pool, n = 16; riffle, n = 5; cascade, n = 8; and waterfall, n = 6. At each of the individual biotopes, three 
Surber sampling replicates were taken.  
 
Extrapolation from riffle data shows a predicted total number of approximately 100 
taxa, but this can be reached by sampling approximately 20 riffles (Fig 7.7). The taxa 
accumulation curve for cascades and waterfalls rise faster, showing that these biotopes have 
lower taxa diversity and require fewer replicates in order to sample all taxa.  
These results show that my sampling efforts were sufficient to obtain an accurate 
representation of the benthic macroinvertebrate communities that live in the biotopes. 
Mixed-substrate biotopes are more difficult to sample, owing to their range of substrate and 
functional habitats; however, my sampling effort was sufficient to obtain a strong 
representation of the taxa present. In the tropics, it is common for biodiversity surveys to 
miss taxa because of the high number of rare taxa, thus creating a slowly rising species 
accumulation curve (Gotelli and Colwell 2011).  
7.5 Conclusion 
 
Recent land-use changes caused by the widespread growth of the palm oil industry 
in Southeast Asia have hastened the need to identify and study the remaining pristine rivers 
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and streams. The simplicity of biotopes, which are easily identifiable by their surface flow, 
combined with the reliability of macroinvertebrates as indicators of environmental health 
makes the approach of this research a useful one for future studies of tropical rivers and 
streams. This study has demonstrated that the bedrock biotopes (cascades and waterfalls) 
and mixed substrate biotopes (pools and riffles), harboured different communities, and levels 
of taxa richness. The more consistent environmental conditions of waterfalls and cascades, 
in comparison to the mixed-substrate biotopes (pools and riffles), appeared to have a strong 
influence on the macroinvertebrate communities. Macroinvertebrates inhabiting waterfalls 
and cascades form a community that differs from those of pools and riffles. This study shows 
that tropical macroinvertebrate communities are associated with biotopes rather than 
streams. Understanding how the different biotopes contribute to reach-scale biodiversity is 









Chapter 8: Benthic Community Structure & 
Ecosystem Functions in Above-and Below-




Tropical streams often support large populations of macroconsumers, such as 
herbivorous fish, crabs, tadpoles and shrimp (Power, 1984; Flecker, 1992; Rosemond et al., 
1998), which can have a significant impact on stream ecosystems via predation and/or 
competition for food resources like leaf litter and periphyton among a range of other resident 
animals (Pringle & Hamazaki, 1997; Rosemond et al., 1998). Leaf litter is often abundant and 
important as a functional habitat (sensu Harper et al., 1995) in tropical headwater streams and 
is broken down by aquatic animals (i.e. shredders; Wootton & Oemke, 1992; Crowl et al., 
2001; March et al., 2001; Yule et al., 2009; Coughlan et al., 2010). Periphyton covers many 
benthic surfaces in tropical streams and is the main food source for herbivorous animals, 
which can limit both periphyton standing stocks and growth rates (Power, 1984; Flecker, 
1992; Feminella & Hawkins, 1995; Steinman, 1996; Pringle & Hamazaki, 1997; Flecker & 
Taylor, 2004; Moulton et al., 2015).  
While availability of food resources is important for regulating both community 
structure and ecosystem functions, physical factors are also important (Bond & Downes, 
2000). Waterfalls are fast flowing, rocky biotopes with distinct geomorphic structure (e.g. 
channel slopes and stream channels typically erode down to parent material). These biotopes 
flow vertically without obstruction and are generally more than 1 m in height (Newson & 
Newson, 2000; Fig 8.1). In spite of their potential importance in tropical streams, waterfalls 
have not received as much attention as other biotopes (Rackemann et al., 2013; Clayton and 
Pearson, 2016). In high elevation localities, waterfalls become common because the stream 
gradient steepens and the river channels form discrete, sequential pools and waterfalls (or 
cascades and riffles). The discontinuities in channel form caused by waterfalls are barriers to 
the upstream dispersal of fish and thus create discrete communities (Creed, 2006; Covich et 
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al., 2009; Hein & Crowl, 2010; Karssing et al., 2012; El-Sabaawi et al., 2015). In tropical 
streams, below-waterfall pools support a range of predacious and herbivorous fish (Choy, 
1996); in contrast, above-waterfall pools tend to have few fish and often become a refuge 
for shrimp (Covich et al., 2009; Hein & Crowl, 2010). However, Bass (2007) notes that 
different aquatic communities in above- and below-waterfall pools may be the result of 

















Figure 8.1 Waterfall at Sungai Esu (photo on the left) and at Lower Apan (Photo on the right) 
 
The different community structures of fish and shrimp above and below waterfalls 
can influence a range of ecosystem functions including organic matter decomposition and 
periphyton growth (Greathouse & Pringle, 2006; Moulton et al., 2010; Ho & Dudgeon, 2016). 
Below waterfalls, high numbers of fish can play an important role in controlling periphyton 
growth by clearing rock surfaces after frequent tropical flood events (Pringle & Hamazaki, 
1998). Above waterfalls, where shrimp can be abundant, organic matter breakdown rates 
may be increased by consumption and shredding of leaf litter by resident shrimp (Crowl et 
al., 2001; March et al., 2001; Coughlan et al., 2010). Fish and shrimp can also reduce 
macroinvertebrate densities, as many are insectivorous (Pringle & Hamazaki, 1998). 
Macroinvertebrates, a term which refers to invertebrates excluding shrimp in this study, are 




also important in restricting periphyton growth (Feminella & Hawkins, 1995; Steinman, 
1996; Moulton et al., 2015) and breaking down organic matter (Cheshire et al., 2005; Masese 
et al., 2014). Therefore, fish and shrimp may have an indirect impact on ecosystem functions 
by reducing macroinvertebrate densities. The separation of communities and its impact on 
ecosystem structure and function have been researched to some extent, with mixed results, 
in the Neotropics (Pringle & Hamazaki, 1998; March et al., 2002; Ramirez & Hernandez-
Cruz, 2004; Covich et al., 2009). However, there have been few similar studies conducted in 
tropical Asia despite the similarity of the region’s biotic and abiotic conditions to those of 
the Neotropics (Mantel et al., 2004; Ho & Dudgeon, 2016). 
The natural fragmentation of tropical streams by waterfalls provides a “natural 
experiment” for examining these biotic and physical factors. This study investigated four 
streams in Ulu Temburong National Park, Brunei Darussalam, all with waterfalls that reduce 
the upstream dispersal of fish, creating a refuge for shrimp in above-waterfall pools. The aim 
of this study was to investigate the extent to which waterfalls influence fish community 
structure and how expected declines in fish densities in above-waterfall pools affect the 
density and biomass of both shrimp and non-shrimp macroinvertebrates. In addition, I 
tested the hypothesis that ecosystem functions (i.e. periphyton growth and leaf litter 
breakdown rates) differed between above- and below-waterfall pools. I hypothesized that 
both shrimp and macroinvertebrates occur in higher densities in the above-waterfall pools 
lacking fish and that periphyton growth rates are higher in above-waterfalls pools owing to 
the lower number of herbivorous fish. Leaf litter breakdown rates were also hypothesised to 
be higher in above-waterfall pools owing to the higher numbers of shrimp and 
macroinvertebrates. 
8.2 Methods 
8.2.1 Study Sites 
 
Small tributaries of Sungai Belalong and Sungai Temburong in the Temburong 
district, Brunei Darussalam (in northern Borneo) were the focus of this study (Fig 8.2). The 
four streams (Sunagi Lower Apan, Sunagi Baki, Sunagi Esu and Sunagi Apan Threelan; Fig 
8.2) were chosen as they have perennial flows. These catchments are covered in primary 
rainforest, and their geology is composed of sedimentary rocks (Sheldon, 2011). The climate 
in Brunei Darussalam is tropical and weakly influenced by the Southeast Asia monsoon 
(Dykes, 1996). The daily weather pattern in the rainforest of Ulu Temburong is very erratic, 
with most rain originating as convection cells over the ocean. As the cells move inland they 




are forced to rise over the mountains of Bukit Belalong and Bukit Pagon, condensing and 
producing daily heavy rain (Cranbrook & Edwards, 1994). Topography ranges from 30 m 
a.s.l. at the Kuala Belalong Field Study Centre but rises to 913 m a.s.l. at Bukit Belalong and 
to 1,850 m a.s.l. at Bukit Pagon (Dykes 1994). The streams drain V-shaped valleys with steep 
bank slopes. Study sites were in the vicinity of the Universiti Brunei Darussalam Field Studies 
Centre (FSC), which is located in Ulu Temburong National Park.   
 
Figure 8.2.  Map showing the location of Brunei Darussalam in northern Borneo and the Temburong District. The 
four study streams were Sungai Lower Apan, Sungai Baki, Sungai Threelan and Sungai Esu, which are highlighted 
along with the main rivers Sungai Belalong and Sungai Temburong 
 
Water quality can have a strong impact on benthic communities and ecosystem 
functions (Giller & Malmqvist, 1998; Everaert et al., 2014). This study was therefore 
conducted in streams that are not under any anthropogenic impacts in the catchment 
(Sheldon, 2011). Further, the similar geology and catchment condition suggest water quality 
should be similar among all the study streams. In pilot work, both nitrate (< 0.55 mg l-1) and 
phosphate (< 0.08 mg l-1) were found to be under the level of detection. Any variation in 
ecosystem structure and function in the streams of Ulu Temburong National Park are thus 
assumed to be attributable to natural abiotic conditions, biotic interactions among resident 
taxa (e.g. competition for resources and predation) and physical disturbance cause by variable 
river discharges.  
Physical disturbances are assumed to be similar across all pool biotopes in my study 
streams owing to the consistent gradient of the streams. Light levels were also assumed to 




be similar across my study pools, with the gap in the canopy created by the waterfalls 
extending to both the above-and-below waterfall pools. Lower Apan was the longest reach 
(90 m) of the four reaches, followed by Apan Threelan (75 m), Esu (70 m) and Baki (55 m). 
The waterfalls at Threelan and Baki were furthest from their respective confluences with 
Temburong compared to the other study streams (separated by over 300 m). This may affect 
the numbers of fish present in the tributaries, with fish using the tributaries as refuges during 
high discharges. The waterfall at Esu was approximately 150 m from its confluence with 
Belalong, and Lower Apan was approximately 60 m from its confluence with Temburong 
(Table 8.1).  
 
Table 8.1.  Average physical conditions of the pools at the four study sites including bankfull width, wetted width, 
average depth, average velocity and dominant substrate type. Dominant substrate type is given in percentage cover as G, 
gravel; BR, bedrock; B, boulders and C, cobbles. Pool substrate compositions significantly differed between above- and 






























60 Below 11.55 5.07 0.29 0.51 72 2 7 13 
Above 8.68 5.46 0.76 0.19 67 32 0 1 
Baki 336 Below 11.37 6.29 0.39 0.4 73 2 1 24 
Above 9.65 4.65 0.33 0.10 45 15 33 8 
Esu 157 Below 6.98 4.74 0.54 0.09 20 32 20 28 
Above 7.15 7.15 0.64 0.17 27 50 0 23 
Threela
n 
356 Below 7.08 4.55 0.24 0.08 42 2 2 58 
Above 5.6 4.45 0.28 0.01 70 40 3 33 
 
8.2.2 Background Community Structure 
 
A total of 44 species of fish from 10 families and 30 genera have been identified in 
the streams and rivers of Ulu Temburong National Park (Choy & Chin, 1994). Species of 
Cyprinoidea were predominant, with families Balitoridae (river loaches) and Cyprinidae being 
the most commonly represented (Choy and Chin, 1994). In general, cyprinids have a mixed 
diet that changes with their life stage and includes insects, algae, diatoms and higher plants 
(McConnell et al., 1987), while the endemic genus Gastromyzon (Balitoridae) comprises of 
herbivorous fish that feed on periphyton exclusively (Tan, 2006). 




Three genera of freshwater shrimp live in the streams of Ulu Temburong National 
Park with the most common being Macrobrachium (Decapoda: Palaemonidae; Wowor, 
personal communication). Macrobrachium are omnivorous, but predominantly predaceous 
(Crowl & Covich, 1994). The other shrimp in Ulu Temburong, which were not present in 
this study, include Caridina (Decapoda: Atyidae), which are found in headwater streams, and 
Atyopsis (Decapoda: Atyidae), which are present in streams with strong currents (Wowor, 
personal communication). A previous study of non-shrimp macroinvertebrates in these 
streams (K. Baker, unpublished data) identified 14 orders, with Diptera being the most 
abundant in number of individuals (approximately 40%), followed by Coleoptera 
(approximately 20%), Ephemeroptera (approximately 20%) and Trichoptera (9%).  
8.2.3 Physical Habitat Measurements  
 
Wetted and bankfull widths and channel depths were measured in three pools above 
the waterfall and three pools below the waterfall, except at Esu and Lower Apan, where there 
were only two pools below the confluence. At these locations, the benthic substrate was 
assessed visually and characterized in percent gravel, cobble, boulder and bedrock. Stream 
velocity was measured using an electromagnetic flowmeter (Valeport® model 801; Valeport, 
Totnes, UK). A two-way analysis of variance (ANOVA) was used to assess differences in 
the width, wetted width, depth and velocity of the study pools among streams and between 
the pools above and below the waterfalls. This analysis was carried out in the statistical 
computing environment R (R Core Team 2013). 
8.2.4 Macroinvertebrate, Shrimp and Fish Sampling  
Macroinvertebrates and shrimp were sampled in three pools above each waterfall 
and in all the pools below the waterfall to the confluence. Surber samples (0.1 m2; 250-μm 
mesh) were used to collect macroinvertebrates, excluding shrimp. Three Surber samples were 
randomly selected in each pool where it was shallow enough to sample and composited 
together to create one sample. A combination of three Surber samples and a single three-
minute kick sample with a standard D-frame net (500-μm mesh) was used to sample 
freshwater shrimp in each pool. Shrimp and macroinvertebrates were considered separately, 
as shrimp are significantly larger than the other macroinvertebrates and are more vagile. 
Samples were preserved in 70% ethanol in the field and processed under (10×) magnification 
in the laboratory. Individuals were identified to the lowest practical taxonomic level (most 
often to genus or morphotyped to an assumed similar level) and measured to the nearest 0.5 




mm. Macroinvertebrate taxonomic knowledge in northern Borneo is poor; therefore, 
identifications were conducted using the few keys available (e.g. Dudgeon, 1999; Yule & 
Yong, 2004; Sangpradub et al., 2006), alongside open source identification methods. 
Specifically, taxa were photographed and uploaded onto the Flickr website 
(http://flickr.com/photos/tropical-streams/sets/), where interested experts commented or 
requested to see the actual specimens. Ash free dry mass (AFDM) of macroinvertebrates was 
estimated using length–mass regressions (Benke et al., 1999; Sabo et al., 2002; McNeely et al., 
2007). In cases in which no taxon-specific equations were available, estimates were made 
using equations from taxa with similar body shapes (Ramírez & Pringle, 1998). Where only 
dry mass (DM) estimates were available, values were converted to AFDM following the 
calculation described by Waters (1977). All macroinvertebrates were considered to be capable 
of feeding on periphyton and organic matter except known predators, i.e. Odonata, 
Hemiptera and Hydracarina (Jinggut, 2015). Unfortunately macroinvertebrate and shrimp 
specimens from Baki were severely damaged in transit, so the analysis for macroinvertebrates 
and shrimp includes only those from Lower Apan, Esu and Threelan. 
In contrast to the macroinvertebrate sampling procedures, fish were only sampled in 
pools directly above and below the first waterfall upstream from each confluence. Fish were 
sampled with a cast net (mesh size 0.64 cm2) thrown into each of the sample pools three 
times. Fish were photographed and identified following the methods described by Choy & 
Chin (1994). Fish were categorized as herbivorous or predacious using appropriate scholarly 
literature, and percentages of fish belonging to these categories were calculated (McConnell 
et al., 1987; Tan, 2006; Kottelat, 2013). Once processed, fish were immediately returned to 
streams. 
ANOVAs were used to assess differences in biodiversity of macroinvertebrates and 
shrimp among study sites and between pools above and below the waterfalls, followed by 
Tukey's tests to identify significant factors. As fish were only sampled in pools directly above 
and below the waterfall, it was not possible to assess differences among study sites. For the 
analysis, each pool was considered as a replicate, rather than the samples within each pool. 
To satisfy the assumptions of normality and homoscedasticity, fish and shrimp data were 
transformed [using a log10 (n + 1) transformation]. Macroinvertebrate assemblage structure 
in above- and below-waterfall pools were examined via a non-metric multidimensional 
scaling (NMDS) analysis using abundance data followed by an analysis of similarities 
(ANOSIM; Clarke, 1993) to test for differences in abundance and composition of 
macroinvertebrates among the above- and below-waterfall pools. Surber samples were 




combined to give a single estimate per pool. The statistical computing environment R (R 
Core Team 2013) and the R packages mass and vegan were used to conduct the ANOVA, 
NMDS and ANOSIM procedures. The Bray–Curtis dissimilarity index, a dissimilarity index 
for ecological data, was used for the NMDS procedure (Borcard et al., 2012).  
8.2.5 Ecosystem Function Estimates  
 
Leaf litter decomposition rates and periphyton growth estimates were conducted in 
the pools directly above and below the waterfall at each study stream. The sections below 
describe methodologies used to estimate these ecosystems functions. 
Leaf litter decomposition:  Leaves from the genus Campnosperma (Family: Anacardiaceae) were 
used to estimate decomposition rates in pools above and below waterfalls. Although there 
are approximately 250 species of trees (Cranbrook & Edwards, 1994) in Ulu Temburong 
National Park, Campnosperma was most abundant in the study streams and therefore chosen 
for this experiment. Decomposition rates were estimated using standard litter bag techniques 
(Irons et al., 1994; Benstead, 1996). Prior to the experiment, leaves were dried at 70°C for 24 
hours, cooled and then weighed. Three grams of leaves were placed into nylon litter bags 
(mesh size, approximately 8 mm). Leaf litterbags were placed at Lower Apan, Esu, Apan 
Threelan and Baki. Litter bags were collected from the study sites after 7, 23, 26 or 71 days 
in the field and processed immediately in the KBFSC laboratory. The leaves were picked out 
by hand and the remaining material was processed through a 250-µm sieve, with 
macroinvertebrates picked out and preserved in 70% ethanol. Macroinvertebrates were then 
identified and measured using the methods described above. Leaf material remaining was 
dried at 70°C for 24 hours, cooled and weighed. Breakdown rates (kd) were calculated using 
the equation  
𝑘𝑑 =
ln( final mass initial mass)⁄
days
 
Litter bag experiments were conducted in both 2013 and 2014. In the first year, three 
replicates per study pool were left for 7 and 23 day exposures. In the second year, the same 
methods were repeated except four replicates were used and leaf litter bags were deployed 
for longer periods of time, 26 and 71 days, in order to take account of the scouring effects 
of high discharge. 
Periphyton Growth:  Periphyton growth rates were estimated from the same pools that 
were used in the leaf decomposition experiment. Random rocks were selected from each 




stream, placed in boiling water for 10 minutes and scrubbed with a wire brush to remove all 
periphyton. Rocks were then placed into the study pools with plastic wire used to secure 
them to the riverbed. After exposure, periphyton levels were estimated from rock scrubs. A 
fixed area (0.002 m2) of each rock was sampled with material removed collected on GFF 
filters. Filters were dried at the KBFSC and transported back to the UK for AFDM analysis 
to be conducted. AFDM was calculated by taking the difference between the dry biofilm 
weight and ash weight (obtained from heating samples to 500ºC for 1 hour). AFDM was 
then used as an estimate of periphyton abundance. Periphyton growth rates were calculated 
as the difference between final and initial standing stocks (AFDM) divided by the total 
exposure time (days). It should be noted that our estimates of periphyton cannot distinguish 
between living and dead algal cells (Wellnitz & Poff, 2006). This method was selected because 
of the remote locations and limited facilities of the KBFSC. Periphyton experiments were 
conducted in both 2013 and 2014. In the first year, four rocks per study pool were left for 
23-day exposures. In the second year, the same methods were repeated, but with five 
replicate rocks and each was deployed for a longer period of time, for 71-day exposures. In 
each year, ambient levels of periphyton were estimated from four random rocks in each study 
pool in order to ensure periphyton levels from the experiment were in line with background 
standing stock.  
Data analysis:  Separate two-way ANOVAs were used to evaluate differences in both leaf litter 
breakdown rates and periphyton growth rates among the study streams as well as between 
the above- and below-waterfall pools. In order to satisfy the assumption of normality and 
homoscedasticity, many of the datasets collected were transformed. A log10 (n + 1) 
transformation was applied to the 7-day exposure leaf litter bag macroinvertebrate data and 
the 23-day exposure leaf litter bag macroinvertebrate biomass and abundance data from 
2013. A square root transformation was used on the 2013 and 2014 ambient periphyton rock 
scrub data as well as the 2014 litter bag data on macroinvertebrates, including the 28-day 
exposure macroinvertebrate biomass and richness data, the 71-day exposure 
macroinvertebrates biomass data, the 28-day exposure non-predacious macroinvertebrate 
abundance data, and the 71-day exposure macroinvertebrate biomass data. Tukey’s post hoc 
tests were used to identify differences among streams and between above- and below-
waterfall pools.  





8.3.1 Physical Habitat 
 
There were no significant statistical differences in pool widths, depths or velocities 
either among streams or between above- and below-waterfall pools (Table 8.1). The 
substrates of above-waterfall pools were 36% bedrock compared to 7% bedrock in below-
waterfall pools. In contrast, there was a higher substrate percentage of cobbles in below-
waterfall pools (31%) compared to above-waterfall pools (17%). 
8.3.2 Macroinvertebrate, Shrimp and Fish 
 
Total macroinvertebrate richness in the pools differed among the streams with 37 
taxa at Lower Apan, 50 at Esu and 61 at Threelan (two-way ANOVA, F2, 12 = 4.62, p =0.04; 
Appendices Chapter 8a,b&c). Average density was lower at Lower Apan (205 ± 29 
individuals m-2) than at Threelan (300 ± 54 individuals m-2) and Esu (531 ± 98 individuals 
m-2; F2, 12 = 6.52, p= 0.01). Biomass was also lower at Lower Apan (58 ± 7 mg m
-2) than at 
Threelan (187 ± 47 mg m-2) and Esu (213 ± 54 mg m-2; F2,12 = 9.25, p= 0.005). There were 
no differences between above- and below-waterfall pools in total macroinvertebrate richness 
(F1, 12 = 0.47, p= 0.51), density (F1, 12 = 0.02, p= 0.89) or biomass (F1, 12 = 0.16, p= 0.70). 
Additionally, the NMDS showed no clear pattern or difference in macroinvertebrate 
community structure between above- and below-waterfall pools (stress value, >0.2; 
Appendix Chapter 8d), and the ANOSIM procedure revealed no difference between the 
macroinvertebrate community structure of the above- and below-waterfall pools (global R = 
0.35; p= 0.24). 
Only one shrimp taxon (Macrobrachium) was present in the three study streams Lower 
Apan, Esu and Threelan (Fig 8.3 and Appendix Chapter 8e). Shrimp abundance differed 
among the study streams from 0.2 ± 0.13 individuals at Lower Apan to 7.1 ± 3.17 individuals 
at Threelan (F2,12 = 4.3, p= 0.04). Shrimp biomass varied from 20.7 ± 19.80 mg at Lower 
Apan to 2,217 ± 1,182.74 mg at Threelan (F2,12 = 5.6, p= 0.02). Shrimp abundance was 
highest in above-waterfall pools (7.67 ± 2.47 individuals versus 0.14 ± 0.10 individuals; F1, 
12 = 18.75, p= 0.001; Fig 8.3). Shrimp biomass was also highest in above-waterfall pools 
(2,701.02 ± 618.31 mg versus 19.61 ± 20.93 mg; F1, 12 = 24.55, p= 0.0005). 
It was not possible to identify all fish to the species level, particularly the smallest 
individuals. However, six distinct taxa were sampled across the four streams with a total of 
75 individuals collected during the survey (Appendix Chapter 8f). The most abundant fish 




were cyprinids, comprising 97% of observed fish, with the most abundant species 
being Nematabramis steindachneri (32 fish) and Rasbora argyrotaenia (24 fish). The other 3% of 
fish were Gastromyzon. Average fish densities were significantly lower in above-waterfall pools 
(0.02 ± 0.02 fish/m2 versus 0.24 ± 0.27 fish/m2; F1, 6 = 6.00, p= 0.04). There were no fish in 
above-waterfalls pools at Baki and Threelan, but fish were present in above-waterfalls pools 
at Esu (Gastromyzon) and at Lower Apan (Cyprinidae). 
  







Figure 8.3.  Bar plots showing the average density of fish, shrimp and macroinvertebrates. Macroinvertebrate density 
was estimated using Surber samples and shrimp data from Surber and kick samples for each pool both above and 
below the waterfalls. Error bars represent standard errors (all below-waterfall pools, n = 8; all above-waterfall pools, 
n = 9; Sungai Apan Threelan, n = 6; Sungai Esu, n = 5; Sungai Lower Apan n = 6). No error bars are presented 
for fish density because all samples were combined in the field. There was a significant difference between above- and 
below-waterfall densities of fish (p = 0.04) and shrimp (p ≤ 0.01), but no difference in macroinvertebrate densities    
(p = 0.89). There was also a significant difference in macroinvertebrate densities among the study streams (p = 0.01) 
 
8.3.3 Ecosystem Function Estimates  
 
Leaf litter decomposition:  In 2013, average leaf litter breakdown rates over 7 days 
exhibited no variation among study streams (0.011 d-1 to 0.018 d-1; two-way ANOVA, F3, 18 
= 2.08, p= 0.15; Table 8.2). However, over 23 days there was a significant difference among 




























































































exhibited higher breakdown rates relative to Lower Apan (p= 0.03) and Threelan (p= 0.003). 
In 2013, there was no difference in average leaf litter breakdown rates between above- and 
below-waterfall pools over 7 days (0.017 d-1 versus 0.012 d-1, respectively; F1,18 = 2.6, p= 0.1), 
but there was a difference over 23 days (0.008 d-1 versus 0.010 d-1, respectively; F1,19 = 9, p= 
0.008) with faster decay rates occurring in below-waterfall pools (Table 8.2).  
 
Table 8.2.  Average leaf litter breakdown rates (kd) for pools above and below waterfalls in 2013 (over 7 and 23 
days) along with macroinvertebrate (both all and non-predacious) average richness, abundance and biomass (AFDM). 
Leaf litter breakdown rates significantly differed among streams in 2013 over 23-day exposures (p ≤ 0.01). Higher 
leaf litter decay rates were also found in 2013 over 23-day exposures below the waterfalls (p ≤ 0.01). There was no 






























Above -0.013 1.3 / 1.0 2.0 / 1.7 0.35 / 0.04 
Below -0.010 1.7 / 1.7 1.7 / 1.7 0.45 / 0.45 
 
23 
Above -0.008 1.0 / 1.0 2.3 / 2.3 0.15 / 0.15 






Above -0.011 1.0 / 0.67 1.3 / 1.0 7.09 / 1.73 
Below -0.019 3.0 / 2.33 4.3 / 3.7 0.27 / 0.15 
 
23 
Above -0.009 1.0 / 1.0 2.0 / 2.0 0.11 / 0.11 






Above -0.022 0.3 / 0.3 0.3 / 0.3 0.19 / 0.19 
Below -0.009 3.0 / 3 .0 5.3 / 5.3 1.09 / 1.09 
 
23 
Above -0.008 2.3 / 2.3 4.0 / 4.0 1.56 / 1.56 






Above -0.013  1.5 / 1.0 2.0 / 1.5 0.23 / 0.19 
Below -0.012  1.7 / 1.3 3.7 / 3.3 1.50 / 0.04 
 
23 
Above -0.005  3.7 / 3.7  10.3 / 10.3 0.26 / 0.26 
Below -0.002  5 .0/ 4.7 5.0 / 4.7 0.88 / 0.81 
 
In 2014, there was a difference in average leaf litter breakdown rates among the 
different study streams over 26 days (0.003 d-1 to 0.005 d-1; F3,26 = 10.35, p= 0.0001), with a 
Tukey’s post hoc test showing that Esu had faster breakdown rates than Lower Apan (p= ≤ 
0.01) and Threelan (p= ≤ 0.01; Table 8.3). Over 71 days, there was a difference in leaf litter 
breakdown among the different study streams (0.005 d-1 to 0.007 d-1; F3,25 = 5.43, p= 0.005; 
Table 8.3), with a Tukey’s post hoc test showing that Lower Apan had slower breakdown rates 
relative to Esu (p= 0.04) and Baki (p= 0.007). In 2014, there was a significantly higher leaf 
litter breakdown rate in above-waterfall pools over 26 days (0.005 d-1 versus 0.004 d-1; F1, 26 




= 24.80, p= ≤ 0.001) but no difference over 71 days (0.008 d-1 versus 0.005 d-1; F1, 25 = 3.40, 
p= 0.07; Fig 8.4).  
 
Table 8.3.  Average leaf litter breakdown rates (kd) for sites above and below waterfalls in 2014 (over 26 and 71 
days) along with macroinvertebrate (both all and non-predacious) average richness, abundance and biomass (AFDM). 
Leaf litter breakdown rates differed among streams in 2014 over 26-day exposures (p ≤ 0.01) and 71-day exposures 
(p ≤ 0.01). There was also a significant difference in leaf litter breakdown rates between pools above and below 
waterfalls over 71-day exposures (p ≤ 0.01). Over 71-day exposures, a higher abundance of macroinvertebrates 
accumulated in below-waterfall pools (p = 0.002). Higher non-predacious abundance occurred in pools below waterfalls 































Above -0.004 2.5 / 1.5 2.5 / 1.5 0.32 / 0.29 
Below -0.006 1.0 / 0.0 3.3 / 0.0 0.76 / 0.00 
 
71 
Above -0.011 5.5 / 4.3 11.5 / 7.5 0.65 / 0.37 






Above -0.016 3.8 / 2.5 9.7 / 5.8 2.16 / 2.08 
Below -0.004 5.8 / 4.5 16.0 / 6.8 1.72 / 1.02 
 
71 
Above -0.002 3.5 / 2 11.0 / 2.0 0.85 / 0.40 






Above -0.024 9.3 / 7.5 26.0 / 13.0 4.03 / 2.99 
Below -0.005 0.0 / 0.0 0.0 / 0.0 0.00 / 0.00 
 
71 
Above -0.002 3.5 / 2.0 5.3 / 2.8 3.80 / 3.20 






Above -0.005 1.5 / 0.75 4.5 / 1.0 0.97 / 0.88 




Above -0.005 2.0 / 1.0 7.0 / 1.0 1.84 / 1.84 
Below -0.005 4.0 / 2.8 17.3 / 6.8 0.83 / 0.31 
 
 
Macroinvertebrate richness in the 2013 leaf litter bags ranged from 0 to 5 taxa bag-1 
(Table 8.2) with non-predacious Chironomidae being the most frequently recorded taxa. 
Over the 7-day exposure there was no difference among streams in macroinvertebrate 
richness, abundance or biomass. However, over the 23-day exposure, there was a significant 
difference among the study streams in richness (F3, 19 = 7.80, p= 0.001), but no difference in 
abundance or biomass. Comparisons between above- and below-waterfall pools for all 
streams revealed no statistical differences in richness, density or biomass (Table 8.2). Despite 
variation among streams, no relationships were observed between leaf litter breakdown rate 
and macroinvertebrate richness (R2 = 0.02), abundance (R2 = 0.02) or biomass (R2 < 0.01). 




Macroinvertebrate richness in the 2014 leaf litter bags ranged from 0 to 
approximately 9 taxa bag-1, with non-predacious Chironomidae being the most frequently 
recorded taxa (Table 8.3). Over the 28-day exposure, there was no difference in overall 
macroinvertebrate richness, density or biomass among study streams or between above- and 
below-waterfall pools. Over the 71-day exposure, there was no difference in richness or 
density among study sites, but biomass did differ significantly (two-way ANOVA, F3, 25 = 
9.55, p= 0.0003), with the lowest biomass occurring at Lower Apan and then Baki. Over the 
71-day exposure there was higher abundance of macroinvertebrates accumulated in the leaf 
litter bags of below-waterfall pools (F1, 25 = 12.78, p= 0.002). No relationships were found 
between leaf litter breakdown rate and macroinvertebrate richness (R2 = 0.17), abundance 
(R2 = 0.13) or biomass (R2 < 0.01). 
Periphyton Growth:  In 2013, ambient periphyton biomass averaged 2.8 ± 0.35 g m-2 in 
above-waterfalls pools and 4.3 ± 0.19 g m-2 in below-waterfall pools. In 2014, ambient 
periphyton averaged 3.4 ± 0.57 g m-2 in above-waterfall pools and 4.8 ± 0.37 g m-2 in below-
waterfall pools. There were statistically higher levels of ambient periphyton in below-
waterfall pools in both 2013 (one-way ANOVA, F1, 26 = 21.90, p= ≤ 0.01) and in 2014 (F1, 17 
= 4.50, p= 0.05). However, there was no difference in ambient periphyton level among study 
streams.   
In 2013, there was no difference in average periphyton growth rates among the study 
streams (0.14 + 0.03 g m-2 d-1 to 0.40 + 0.21 g m-2 d-1; two-way ANOVA, F3,12 = 1.22, p= 
0.36) and no significant difference in periphyton growth rate between the above- and below-
waterfall pools (F1,12 = 1.23, p= 0.30; Table 8.4). Whilst in 2014, there was a significant 
difference in periphyton growth rates among the study streams (0.06 + 0.01 g m-2 d-1 to 0.18 
+ 0.03 g m-2 d-1; F3,30 = 6.90, p= 0.001), with  Esu having the highest periphyton growth rate 
(Tukey’s post hoc test; Threelan, p= 0.05; Baki, p= 0.03). Across all streams, periphyton growth 
rates were higher in below-waterfalls pools (two-way ANOVA, F1, 30 = 25.70, p= ≤ 0.01).  











Figure 8.4.  Leaf litter decomposition in pools above and below waterfalls (top) over 23 days in 2013 and (bottom) 
over 72 days in 2014. Differences were significant in leaf litter breakdown rates (kd) among streams in 2013 over 23-
day exposures (p ≤ 0.01) and in 2014 over 26-day exposures (p ≤ 0.01) and 71-day exposures (p ≤ 0.01). In 
2013, faster decay rates occurred over 23-day exposures below the waterfalls (p ≤ 0.01), whilst in 2014, over 26-day 







































































Table 8.4.  Periphyton growth rates (per day) on the rocks in pools above and below waterfalls at the four streams in 
2013 (23-day exposures) and 2014 (72-day exposures). Growth rates were higher below the waterfalls in 2014 (p ≤ 
0.01) but not in 2013 (p = 0.3). In 2014, there was also a difference in growth rates among streams (p = 0.02).  
Stream, location Periphyton growth rate 
(g m-2 d-1) 
2013 2014 
Lower Apan, above 0.12 + 0.01  0.05 + 0.01 
Lower Apan, below 0.23 + 0.02  0.05 + 0.02 
Baki, above 0.10 + 0.02  0.06 + 0.003 
Baki, below 0.12 + 0.01  0.12 + 0.01 
Esu, above 0.22 + 0.01  0.06 + 0.001 
Esu, below 0.17 + 0.04  0.21 + 0.01 
Threelan, above 0.19 + 0.01  0.04 +  N/A 
Threelan, below 0.26 + 0.01  0.13 + 0.02 
8.4 Discussion  
 
Waterfalls can affect the distribution of aquatic animals by partitioning streams into 
discrete zones (Covich et al., 2009; Hein & Crowl, 2010). Tropical headwater streams in 
northern Borneo contain a large number of shrimp and fish, with waterfalls acting as a semi-
permeable filters that create different aquatic communities in reaches above and below 
waterfalls (Covich et al., 2009; Hein & Crowl, 2010). In my study streams, I found below-
waterfall pools supported a higher density of fish and significantly higher ambient periphyton 
levels in 2013 and 2014 (Table 8.5). Higher periphyton growth levels were also found in 
below-waterfall pools in 2014 (Table 8.5). Above-waterfalls pools support both a higher 
abundance and biomass of shrimp but there was no difference in macroinvertebrates 
between above- and below-waterfall pools, and no consistent statistical difference in leaf 
litter decomposition rates in 2013 or 2014 (Table 8.5). These findings illustrate how 
geomorphology can isolate biotopes, creating discontinuities in streams that affect 
community structure, specifically with respect to fish and shrimp. However, the 
corresponding impact on ecosystem functions is less straightforward, suggesting differing 











Table 8.5.  Survey summary showing significant differences in animal communities and ecosystem functions among 
the study streams and between the above- and below-waterfall pools.  
 








Fish density 0.48 
 
0.04 Gastromyzon present above waterfalls at 
Esu (1) and Cyprinidae at Lower Apan 
(3) 
 




0.01 0.89 Lower Apan exhibited the lowest density 
 
Leaf litter 2013- 7 days 





Faster decay rates in pools below 
waterfalls over 23 days 
Leaf litter 2014- 26 days 





Faster decay rates in pools above 
waterfalls over 26 days 
Periphyton (ambient) 
2013 




0.50 0.05  
Periphyton growth 2013 





Esu had the fastest periphyton growth 
and fastest growth rate below the 
waterfall 
 
8.4.1 Biodiversity in above- and below-waterfall pools  
 
According to Choy & Chin (1994) the fish observed in the study streams were some 
of the most common in the Temburong catchment. As expected, the highest densities of 
fish were found in below-waterfall pools. Waterfalls (>6 m) acted as a block for fish at Esu, 
Threelan and Baki, likely creating a refuge for shrimp in the pools above (Covich et al., 2009; 
Hein & Crowl, 2010). Choy (1996), who studied the distribution ecology of fish in the Ulu 
Temburong National Park reported similar findings, with no Cyprinidae taxa recorded above 
any waterfall greater than 5 m. The Gastromyzon fish were an exception; these herbivorous 
fish have suckers along their bodies and are therefore able to ascend vertical bedrock (Lucas 
et al., 2001). However, in spite of this trait, surprisingly few Gastromyzon were observed in 
pools above waterfalls. This may be the result of the sampling design, as many Gastromyzon 
species inhabit faster flowing biotopes (Sheldon, 2011), which were not sampled in my study.  




Macrobrachium (shrimp), which were collected in all sampled streams (Lower Apan, 
Esu and Threelan), are important members of aquatic communities. However, their impact 
on benthic environments have mainly been studied in Neotropical streams, with only a few 
studies conducted in Asia (e.g. Mantel et al., 2004). In the Neotropics, Macrobrachium have 
been found to exhibit aggressive behaviour, which can cause other shrimp to take shelter 
(Crowl & Covich, 1994; March et al., 2001). This behaviour may explain the absence of other 
shrimp taxa sampled in our study sites. There were no significant differences in shrimp 
biomass and density among the streams. Among all pools above the waterfalls there were 
significantly higher shrimp densities (Fig 8.3). These results concur with similar findings in 
Puerto Rico, where shrimp occur in high abundances in above-waterfall pools (Pringle et al., 
1993; March et al., 2002; Covich et al., 2009). 
However, the high abundance of shrimp in above-waterfall pools did not appear to 
have a significant impact on macroinvertebrate communities, with the NMDS results finding 
no difference in community patterns in macroinvertebrates in pools-above and- below the 
waterfall. In the headwater streams of Puerto Rico, Ramirez & Hernandez-Cruz (2004) 
conducted a shrimp exclusion experiment, which involved Macrobrachium and exhibited 
mixed impacts on aquatic insects (i.e. effects of shrimp were negligible in some streams). In 
another study in Puerto Rico, March et al., (2001) found that the impact of shrimp exclusions 
on insect biomass varied depending on the genus of shrimp. In the high altitude pools, 
exclusion of shrimp, which included Atya spp. and Xiphocaris elongata, resulted in significantly 
lower insect biomass. In contrast, exclusion of Macrobrachium spp. in the low altitude pools 
promoted higher proportions of insect biomass. In my study, the low numbers of 
Macrobrachium in below-waterfall pools had no apparent effect on macroinvertebrate biomass, 
while in Costa Rica, fish and shrimp significantly reduced aquatic insects with combined 
effects greater than the sum effect of both groups individually (Pringle & Hamazaki, 1998). 
These studies conducted in the Neotropics suggest that freshwater shrimp have an important 
role in structuring benthic community composition, but their effects vary and may depend 
on the presence or absence of other biota (March et al., 2002). In Hong Kong, Mantel et al., 
(2004) found no effect of the removal of Macrobrachium on aquatic insects; however, the 
authors were unable to determine the reason there was no effect. One explanation is that the 
macroinvertebrates consistently evaded the fish and shrimp predators; this has been shown 
in studies that artificially doubled the natural densities of fish and failed to observe a decrease 
in some invertebrate taxa (Gilliam et al., 1989; Dudgeon, 1991). My study also lacks a 
consistent pattern in macroinvertebrate diversity between above- and below-waterfall pools, 




suggesting that communities of shrimp and fish do not influence these biotic patterns; 
however, it is possible that the presence of fish and shrimp predators is substitutable and 
thus functionally redundant (sensu Ho & Dudgeon, 2016).  
In Northern Australia, Garcia et al., (2015) found that top-down effects on 
macroinvertebrates were context dependent with respect to factors such as benthic habitat, 
stream velocity and community structure, each of which influenced invertebrate diversity. 
Ulu Temburong has frequent flood events; for example, after a storm it is not uncommon 
for the level of Belalong to rise by 1 m in a 30-minute period (Cranbrook 1993). These ‘flashy 
flows’ may be more important in structuring macroinvertebrates than the presence of shrimp 
or fish, scouring out habitats and physically removing taxa (Bond & Downes, 2000). The 
hypothesis that predation and competition are less important in highly disturbed streams and 
rivers has been suggested for systems in other parts of the world (Bishop, 1973; Peckarsky et 
al., 1990; Yang & Dudgeon, 2010). Flash floods can create relatively unpredictable systems 
(Boulton et al., 2008), creating a continuum of conditions, which may result in two distinct 
environments. For example, during low flows, tropical streams are complex systems 
exhibiting a mix of flow biotopes (i.e. pools, riffles and cascades) and functional habitats (i.e. 
wood debris, leaf litter, cobbles and gravel; sensu Harper et al., 1995, Harvey et al., 2008); 
however, during a flood event, these streams become homogeneous as water rises to form a 
uniform flood biotope.  
8.4.2 Ecosystem Function 
 
It was assumed that differences in fish and shrimp densities would affect 
macroinvertebrate patterns along with leaf litter decomposition rates, ambient periphyton 
levels and growth rates. Specifically, past studies in the tropics have suggested that leaf litter 
decomposition can be increased by higher shrimp densities (March et al., 2001; Wright & 
Covich, 2005), and herbivorous fish can increase periphyton levels (Pringle & Hamazaki, 
1997). I found ambient periphyton and growth levels associated with higher fish densities, 
while leaf litter decomposition rates were unaffected by varying fish or shrimp densities.   
The observed leaf litter decomposition rates (Tables 8.2 and 8.3) were in the range 
of other tropical studies reported by Wantzen et al (2008) with processing rates extending 
from 0.001 d-1 (Mathooko, 1998; Rueda-Delgado et al., 2006) to 0.789 d-1 (Mathooko & 
Kariuki, 2000; Tables 8.2 and 8.3). However, the lack of a correlation between fish, shrimp, 
and macroinvertebrates parameters and break down rates suggests that leaf litter loss in my 
study sites was caused by other factors. Microbial processing has been suggested to be more 




important in the tropics compared to temperate regions (Irons et al., 1994). However, the 
importance of microbes to the decomposition of leaf litter is poorly understood, especially 
in the tropics (Wright and Covich, 2005), and thus, more research is required to understand 
the role of bacteria and fungal on breakdown rates. Mechanical abrasion from frequent 
floods in the catchment can affect leaf litter break down, which has been demonstrated in 
other tropical studies (Pearson et al., 1989). Fast flows, which occur frequently in streams 
within Ulu Temburong, have been reported to cause physical abrasion of leaf litter, breaking 
them down into smaller parts and therefore influencing breakdown rates (Wantzen et al., 
2008).  
In this study, there were no significant differences in leaf litter decay between above- 
and below-waterfall pools. Many streams that flow through dipterocarp forests, such as my 
study sites, have very high tree diversity and leaves that are high in lignin and low in protein 
(Yule et al., 2009); such leaves possess an unappealing combination of traits for shredders. 
Landeiro et al (2008) excluded fish and shrimp (mainly Macrobrachium) from leaf litter bags 
and found greater leaf litter breakdown in the control relative to the exclusion area. This 
could be linked with higher insect shredder abundances; however, there was no difference 
in shredder abundance between treatments, and the results were inconclusive. In spite of 
more recent research suggesting insect shredders do exist in tropical streams (Cheshire et al., 
2005; Masese et al., 2014), my regression analysis showed no correlation between leaf litter 
breakdown rates with macroinvertebrate diversity (in neither 2013 nor 2014). In my study, 
some leaf litter bags lacked any macroinvertebrates, for example, those in Lower Apan (e.g. 
the 2013, 23-day exposure bags in the below-waterfall pools; Table 8.2), suggesting that leaf 
litter is an unappealing food source for many tropical macroinvertebrates.    
Periphyton growth rates appear to be low compared to ambient periphyton levels, 
which is unsurprising because of the abundant herbivorous grazers and frequent scouring 
flows. However, some tropical fish have been found to be vitally important in increasing 
periphyton growth rates (Pringle & Hamazaki, 1997; Moulton et al., 2010), which may explain 
high levels of ambient periphyton in below-waterfall pools and low periphyton growth rates 
at the above-waterfall pool of Apan Threelan (0.04 g m-2 d-1), where no fish were present. 
Overall higher levels of ambient periphyton were correlated with the distribution of fish 
(Table 8.5). Pringle & Hamazaki (1997) made similar findings; they observed fish influencing 
algal community composition, whereas shrimp had no significant effect. Studies have found 
herbivorous fish to be efficient in cleaning rock surfaces of deposited sediment after storm 




events, therefore helping to increase periphyton levels (Pringle & Hamazaki, 1997). This is 
important in tropical streams, such as my study streams, where fast flows are frequent and 
can both cause physical scouring and layer rocks in fine sediment (Wantzen et al., 2008). 
However, rates of accrual including grazing and scouring losses of periphyton among our 
study streams are not known. 
Although many of the fish sampled in my study streams were not herbivorous, the 
literature contains studies in which even predacious fish have been shown to create trophic 
cascades in tropical streams. Moulton et al (2010) found that predacious fish inhibit shrimp 
and baetid mayflies from grazing in two Neotropical streams, resulting in higher levels and 
qualities of periphyton in pools containing fish. However, other experiments have found that 
top-down effects of fish on algae have less impact relative to bottom-up factors such as 
increases in nutrient levels (Garcia et al., 2015; Ho & Dudgeon, 2016). Interestingly, Ho & 
Dudgeon (2016) found no impact of high numbers of fish and shrimp on algal biomass or 
periphyton accumulation in three Hong Kong streams. This was suggested to be caused by 
the removal of macroconsumers, which may have reduced nutrient levels and therefore 
contributed to the apparently weak top-down effect on fish and shrimp (Ho & Dudgeon, 
2016). Other factors, such as variation in sunlight across sites, may also effect periphyton 
levels; this requires further investigation in my study sites. However, as my experiments were 
conducted in pools directly above-and-below the waterfall, they experienced similar light 
levels.   
8.5 Conclusion  
 
As hypothesised, this study clearly illustrates that waterfalls affect habitat patterns of 
fish and shrimp, with waterfalls (generally >5 m in height) acting as a barrier for fish. This 
natural habitat fragmentation does impact some ecosystem functions, specifically primary 
productivity. Further studies must be conducted to understand the effects of other factors, 
such as frequent scouring flows, which can have greater impacts than biotic factors. These 
findings suggest that streams divided into naturally discrete units by waterfalls have 
considerable ecological and conservation significance. Recent land-use changes caused by 
the widespread growth of the palm oil industry in Southeast Asia have increased the urgency 
of identifying and studying the remaining pristine rivers and streams. Understanding how 
natural discontinuities, such as waterfalls, can affect habitat patterns and ecosystem functions 
is vitally important to the success of management and conservation of these systems. 





Chapter 9: Macroinvertebrate trophic structure on 
Waterfalls in Borneo 
9.1 Introduction 
 
Waterfalls have received limited attention with only a few published papers to date 
(Rackemann et al., 2013; Clayton and Pearson, 2016). Research conducted on waterfalls in 
the tropics have generally focused on them acting as a longitudinal block for fish movement, 
creating an upstream refugia for taxa including shrimp and tadpoles (Covich et al., 2009; Hein 
and Crowl, 2010; Torrente-Vilara et al., 2011; Kano et al., 2012), with very little information 
on the waterfalls themselves (however see Clayton and Pearson, 2016; Rackemann et al., 
2013; Clayton and Pearson, 2016). This lack of research may be explained by several factors 
including waterfalls being perceived to be biological dead zones, too complex to sample 
effectively and being inherently dangerous environments due to fast flows and sheer drops 
(Rackemann et al., 2013). Waterfalls are defined by their bedrock substrate and fast flows 
(Newson and Newson, 2000) and are unique compared to other biotopes because of their 
sheer shallow flows and lack of connectivity to the hyporheic zones (Clayton, 1995). In 
addition, these biotopes are formed and maintained by erosive processes that occur over 
geologic periods creating stable conditions, which are relatively uniform across a range of 
discharges (Clayton, 1995). In comparison, other biotopes such as pools and riffles change 
daily, frequently re-shaped by erosion and deposition events, whereas waterfalls are more 
stable (Clayton and Pearson, 2016). 
Although waterfalls have stable substrate, resident taxa have to be specialized to live 
in an environment with such turbulent and relatively fast velocities and no hyporheic zone 
(Clayton and Pearson, 2016; Hart and Finelli, 1999). Hora (1930) and Nielsen (1950) were 
the first authors to officially describe rheophilic taxa, they noted some of the taxa’s 
adaptations to withstand fast current velocity including hooks, suckers and modified legs (Fig 
9.1). Taxa have to be physically adapted to enable them to move around the rock without 
being washed away or to fit into cracks and crevices (Clayton, 1995). For example Furtado’s 
(1969) analysis of odonates in a Malaysian stream found that some dragonflies managed to 
inhabit trailing plants and accumulated debris irrespective of water velocity, assisted by its 
body’s morphology covered in spines aiding attachment.  





Taxa adapted to waterfalls can benefit because these biotopes are relatively free from 
fish and shrimp, which have been found to be important in determining insect assemblage 
structure (March et al., 2002; March and Pringle, 2003; Ramirez and Hernandez-Cruz, 2004). 
Fish and shrimp impact insects via predation and competition for food resources, breaking 
up and consuming leaf litter and grazing periphyton (Pringle and Hamazaki, 1997; Crowl et 
al., 2001; Flecker and Taylor, 2004; Ramirez and Hernandez-Cruz, 2004; Coughlan et al., 
2010). In addition, fish and shrimp can occur in high densities creating a competition for 
space with invertebrates. Waterfalls are therefore unique biotopes for invertebrates as they 
can reside on the substrate without top down disturbance. It is predicted that the difference 
in community structure on waterfalls, with the absence of fish and shrimp, will create a 











Figure 9.1. Hydropsychidae nets on a waterfall (left photo) and a close up image of a Hydropsychidae in its net (right 
photo) 
 
Food web studies using stable isotope analysis in tropical streams have focused on 
pool and riffle biotopes dominated by shrimp and fish (for example see: Brito et al., 2006; Li 
and Dudgeon, 2008; Coat et al., 2009). Some of these studies have found invertebrates in the 
tropics to depend more on algal based food compared to leaf litter (Brito et al., 2006; Lau et 
al., 2009a). Even in shaded reaches, tropical food webs appear to be mainly algae based (Bunn 
and Arthington, 2003; March and Pringle, 2003; Brito et al., 2006). Gaps in the canopy often 
occur near to waterfalls as a result of the high rates of erosion below the waterfalls, which 
create wide plunge pools (Odland et al., 1991). This canopy gap enables more light to reach 
the waterfall substrate promoting periphyton growth. In contrast, standing stocks of benthic 
organic matter tend to be low on waterfalls with export due to fast flows, channel gradient 





and the lack of retentive structure. This reduces the detrital food sources for 
macroinvertebrates. Although waterfalls are discrete units they are not separated from the 
river continuum with resident filter feeders, such as Simuliidae and Hydropsychidae, 
dependent on seston and organic matter from upstream. However, the strength of upstream- 
downstream linkages have been debated with Huryn et al., (2002) suggesting that local factors 
are still more of a determinant of trophic resources. 
Investigations into food webs in tropical streams have mainly focused on pools and 
riffles. My study sought to examine macroinvertebrate trophic structure on waterfalls using 
both gut contents analysis (GCA) and stable isotope analysis (SIA). It is hypothesised that 
due to the steep gradient of waterfalls and low retention of terrestrial based resources, the 
abundant basal food resources of macroinvertebrates would be periphyton.  
9.2 Methods 
9.2.1 Study Sites 
 
Ulu Temburong National Park in Brunei Darussalam (550 km2) is an expansive 
pristine tropical rainforest with free flowing rivers making it an excellent location for 
freshwater research (Sheldon, 2011). The landscape in the national park changes over a 
relatively short distance (<35 km) from steep mountainous reaches (1,850 m a.s.l. at Bukit 
Pagon and 913 m a.s.l. at Bukit Belalong) to placid lowlands (KBFSC 30 m a.s.l.) (Dykes, 
1994). This creates a geomorphic template for many waterfalls and cascades, therefore a 
suitable region for this study (Fig 9.2).   
 






Figure 9.2 Map showing the location of Brunei Darussalam in northern Borneo (A). Brunei Darussalam is split 
into two parts with this study being conducted in the Temburong district, the eastern section of Brunei (B). The twelve 
waterfalls are situated on tributaries off of the two main rivers Sungai Belalong and Sungai Temburong (C). 
 
Brunei is in the tropics and weakly influenced by the South East Asian monsoon 
however weather in Ulu Temburong is highly variable in nature with localised storms (Dykes, 
1996). Sampling took place in June and July (2014) when rainfall and stream discharges are 
generally low making access to the waterfalls safe (Edwards, 1994). Individual waterfalls on 
twelve tributaries to Sungai Temburong or Sungai Belalong were investigated (Fig 9.2). 
Waterfalls selected to be sampled were the first upstream after the confluence with the main 
rivers (Fig 9.2).  
9.2.2 Geomorphic Measurements and Functional Habitats 
 
Waterfall measurements included the width and length being measured with 
measuring tape, whilst slope angle was measured with a clinometer. In the cases where 
waterfalls were very steep the length was estimated. The presence and distribution of 
functional habitats (e.g. moss, leaf litter, wood debris) were recorded (for an explanation of 
functional habitats see Harper et al., 1995). Descriptions of substrate heterogeneity were 
noted along with photos of the waterfalls to enable qualitative image analysis of waterfall 











9.2.3 Macroinvertebrate trophic structure 
 
The common and frequently occurring taxa on the waterfalls including 
Heptageniidae, Blephariceridae, Simuliidae, Hydropsychidae, and Buccinidae were sampled 
by hand selection. Trophic structure was then evaluated using gut contents analysis (GCA) 
and stable isotope analysis (SIA).  
Gut Contents Analysis:  Gut contents analysis (GCA) has been used frequently to investigate 
benthic macroinvertebrate resource utilization (Rosi-Marshall and Wallace, 2002; Li and 
Dudgeon, 2008). Animal tissue was present in the guts of some macroinvertebrates, this 
information was useful to support the SIA results with the added benefit of being able to 
sometimes identify the prey. Three individuals of each of the taxa were collected for GCA. 
Macroinvertebrates were preserved in 70% ethanol and shipped back to the UK. In the 
laboratory foreguts were removed from the taxa under a dissecting microscope, the contents 
were taken out and mounted in Euparal on a microscope slide (Layer et al., 2012). The 
contents were identified at 400-1,000x magnification into five categories; coarse particulate 
organic matter (CPOM) including leaf litter and wood, algae (diatoms, green alga), fungal 
hyphae and conidia, animal tissue and amorphous detritus classified due to the lack of any 
defined cellular structure; from Yule et al.,(2010). Percentage of gut contents analysis was 
then calculated.  
Stable Isotope Analysis:  Due to the small size of tropical macroinvertebrates (Jacobsen et al., 
2008) gut contents can be difficult to identify therefore SIA was additionally used to 
investigate the macroinvertebrate basal food resources. Stable isotopes have been widely 
used to evaluate energy flow and trophic structure in a range of food webs (Peterson and 
Fry, 1987). Stable carbon and nitrogen isotope ratios are a useful tool to calculate what has 
been assimilated by the macroinvertebrates and to determine the relative importance of basal 
food resources in the food web. Carbon isotope ratios have been found to be effective in 
distinguishing between autochthonous (aquatic) and allochthonous (terrestrial) food sources, 
with the former having higher δ13C values (Fry, 1991; Hershey and Peterson, 1996). Nitrogen 
isotopes have been used to provide information about trophic levels with δ15N increasing 
with each trophic level.  
Taxa were collected for stable isotope analyses using the same methods as gut 
contents analysis (see above). From 3-50 individuals per taxa were selected to ensure enough 
sample material for analysis. All taxa were left in stream water for 12 hours to promote gut 





clearance. Putative food sources (leaf litter and periphyton rock scrubs) were also taken at 
each waterfall. All samples were dried at 70 degrees Celsius for a 24hour period before being 
transported back to the UK. Samples were weighed to approximately 0.5mg and loaded into 
5x7mm tin capsules. Leaf litter was ground into a fine powder. Three replicates were used 
for macroinvertebrates and leaf litter, whilst five replicates of periphyton (due to the 
increased variability).  
Measurements were carried out at the NERC Life Sciences Mass Spectrometry 
Facility (LSMSF) in East Kilbride, using an Elementar Pyrocube elemental analyser coupled 
with a Thermo Fisher Scientific Delta Plus XP mass spectrometer. Laboratory standards 
Fluka gelatin, Sigma alanine and Sigma glycine (Sigma-Aldrich Company Ltd, Gillingham, 
UK) were repeated with every 10 samples and were used to correct for linearity and 
instrument drift over a 22 hour analytical run. The isotope ratios for the lab standards are 
determined relative to a range of International standards from IAEA (Vienna, Austria) and 
USGS (Reston, VA, USA). Isotope ratios are expressed in the δ (delta) notation in parts per 
million (‰): δX = [(Rsample/Rstandard)-1] where X = 
15N or 13C and R = the ratio of 15N/14N or 
13C/12C isotopes in a given sample relative to AIR for nitrogen and PDB for carbon. The 
analytical precision for carbon and nitrogen isotope measurements was better than 0.3‰. 
Data Analysis:  Analysis of variance (ANOVA) was used to assess differences in stable isotope 
compositions for both food sources and consumers. It was also used to assess differences 
among all the waterfalls. Tukey Post Hoc test was used after the ANOVA to examine specific 
differences (Thomas et al., 2013). The statistical computing environment R (R Core Team 
2013) was used to conduct the ANOVAs. The focus of the study was to examine 
allochthonous (leaf litter) and autochthonous (periphyton) food sources on the waterfalls. 
As not all food sources were sampled (e.g. moss, seston, fungi), a mixing model was not 
applied to the data.  
9.3 Results 
9.3.1 Geomorphic Measurements and Functional Habitats 
 
The twelve waterfalls had a range of average slope angles, varying from 16° (waterfall 
11) to a maximum average of 53° (waterfall 1). Lengths of the waterfalls varied from 4.5m 
(waterfall 11) to a maximum of 20.4m (waterfall 8-Table 9.1). All waterfalls were covered in 
periphyton with at least a few leaves present. Half of the waterfalls had wood debris, which 





varied in size from twigs to large tree trunks. Landslides and tree falls are not uncommon in 
Ulu Temburong National Park (Dykes, 1994), with much of the debris ending up in the 
streams and rivers. Frequently, large tree trunks become lodged in between the bedrock and 
the narrow bankful widths, this occurred at waterfalls 1, 4 and 7. Based on observations in 
the field and subsequent qualitative image analysis, waterfalls varied in substrate complexity. 
Some of the waterfalls consisted of smooth rock while others were more complex with a mix 
of ridges (millimetres to centimetres), ledges and undercutting.   
 
Table 9.1.  Physical measurements of waterfalls including average slope angle and length.  Presence and absence (1Vs 
0) of functional habitats include leaf litter, wood debris and moss. ~ indicates estimated values. 









1 53 5.7 1 1 0 
2 26 4.93 1 0 0 
3 20 6.16 1 0 0 
4 50 15 1 1 1 
5 47 7.2 1 0 1 
6 39 7 1 0 1 
7 47 ~6 1 1 1 
8 35 20.4 1 0 0 
9 27 ~13 1 0 0 
10 16 9.13 1 0 0 
11 40 4.47 1 0 1 
12 48 16.2 1 1 0 
 
9.3.2 Macroinvertebrate trophic structure 
 
The sampled macroinvertebrates included Simuliidae (filtering collector), 
Hydropsychidae (omnivorous filtering collector), Blephariceridae (herbivorous grazer), 
Heptageniidae (herbivorous grazer) and Buccinidae (predator). At waterfalls 8 and 11 there 
were no Blephariceridae and no Buccinidae at waterfall 8. 
Gut Contents Analysis: Amorphous detritus was most abundant in macroinvertebrate 
guts, ranging from ~45% to ~100% (Fig 9.3). CPOM was the next abundant ranging from 
0 to 30% and algae varied from 0 to ~20% (Fig 9.3). Animal tissue varied from 0 to ~7% 
and the least abundant matter in the macroinvertebrate guts was fungal hyphae and conidia 
varying from 0 to a maximum average of less than 5% (Fig 9.3). Blephariceridae contained 
100% amorphous detritus. Simuliidae contained a high percentage of amorphous detritus 
(~95%), but in addition included CPOM, algae and in one individual an insect head was 





observed (Waterfall-9; Fig 9.3). Heptageniidae contained a high percentage of amorphous 
detritus, but also contained algae and fungal hyphae and conidia (Fig 9.3). Unlike the other 
taxa, Hydropsychidae had stomach contents that were not dominated by amorphous detritus 
and there was a more even mix of all observed food types (Fig 9.3).   
 
Figure. 9.3.  Average percent contributions of stomach contents including amorphous detritus, animal tissue, CPOM, 
algae and fungal hyphae and Conidia in the five macroinvertebrates Hydropsychidae, Heptageniidae, Blephariceridae 
and Simuliidae. 
 
Stable isotopic composition of food sources: Periphyton had less depleted 13C values 
(δ13Cperiphyton= -30.06 ± 2.54 ‰) compared to leaf litter (δ13Cleaf litter = -32.97 ± 1.58 ‰), making 
it possible to distinguish between these basal food resources (one-way ANOVA, F1, 83=37.7, 
p=<0.01; Table 9.2; Appendix Chapter 9). The δ15N (‰) value for periphyton (1.29 ± 0.78 
‰) and leaf litter (-0.91 ± 0.99 ‰) was also distinct (one-way ANOVA, F1, 83=142.6, 
p=<0.01), with periphyton having significantly higher δ15N values than leaf litter. The C: N 
values were higher for the leaf litter (49.27) than for periphyton (5.37). The lower ratio 
indicates there is a higher proportion of nitrogen in the sample suggesting higher protein 
digestibility and therefore of higher nutritional value to the consumers (Giller and Malmqvist, 






















Table 9.2.  Average carbon and nitrogen isotopic values of basal food sources and consumers (mean + SD).  
 n C:N δ13C (‰): 
Mean + SD 
δ15N (‰): 




    
Leaf litter 36 49.27 -32.97 + 0.26 -0.91 + 0.16 
Periphyton  57 5.37 -30.06 + 0.34 1.29  + 0.10 
Consumers     
Heptageniidae 36 4.56 -29.47 + 0.33 1.06 + 0.13 
Blephariceridae 30 4.50 -31.45 + 0.42 1.50 + 0.12 
Simuliidae 36 4.30 -28.14 + 0.09 2.16 + 0.06 
Hydropsychidae 36 4.53 -28.58 + 0.14 3.07 + 0.08 
Buccinidae 33 3.92 -26.18 + 0.16 5.48 + 0.12 
 
Stable isotopic compositions of consumers: The δ13C values for Heptageniidae at the 12 
waterfalls varied from -35.51 ‰ to -26.83 ‰, while Belphariceridae ranged from -35.68 ‰ 
to -27.41 ‰ (Table 9.2; Fig 9.4; Appendix Chapter 9). Simuliidae varied from -29.29 ‰ to -
27.33 ‰ and Hydropsychidae δ13C values ranged from -31.12 ‰ to -27.2‰. Buccinidae 
ranged from -28.03 ‰ to -24.04 ‰ (Table 9.2; Fig 9.4). There was a statistical difference 
between the δ13C values of all consumers (one-way ANOVA, F4, 151=55.5, p<0.01), but the 
Tukey post hoc test showed no difference between Heptageniidae and Blephariceridae. Mean 
δ15N values of Heptageniidae ranged from a minimum of -0.56 ‰ to 2.51 ‰, Blephariceridae 
varied from 0.51 ‰ to 2.64 ‰ and Simuliidae varied from 1.65 ‰ to 3.04 ‰ (Table 9.2). 
Hydropsychidae ranged from 2.26 ‰ to 4.50 ‰ and Buccinidae ranged from 4.12 ‰ to 6.69 
‰ (Table 9.2). There was a statistical difference between the consumers in δ15N values (one-
way ANOVA, F F4, 151=275.7, p=<0.01). However, the Tukey post hoc test showed no 
difference in δ15N values between Heptageniidae and Blephariceridae (p=0.34), and between 
Simuliidae and Hydropsychidae (p=0.8).   
 
 






Figure 9.4.  Mean δ 13 C and δ 15 N values of basal resources leaf litter (LL) and periphyton (P) for the dominant 
macroinvertebrates found on the waterfalls in Ulu Temburong National Park. Macroinvertebrates include Buccinidae, 
Blephariceridae, Heptageniidae, Hydropsychidae and Simuliidae. Error bars indicate +1 SD.  
 
Potential food sources of consumers using GCA and SIA:  Most Heptageniidae had δ13C 
values that corresponded to periphyton (Table 9.2; Fig 9.4). However at waterfall 7, 
Heptageniidae had a δ13C value of approximately -27 ‰ and at waterfall 10 the δ13C values 
were very depleted at approximately -35 ‰ (Table 9.2; Fig 9.4). GCA found Heptageniidae 
consumed CPOM, algae and, fungal hyphae and conidia, the latter food source may explain 
the ‘unknown’ δ13C values. At most waterfalls Blephariceridae matched periphyton and leaf 
litter, however at waterfall 10 δ13C values were depleted with δ13C values less than -35 ‰. 
Due to the small size of the Blephariceridae the GCA could not be used to show any further 
resolution, with gut material classed as amorphous detritus. Simuliidae δ13C values matched 
periphyton. However, there were some Simuliidae at waterfall 11 that had δ13C value of 
approximately -27 ‰, values that are on the edge of the periphyton δ13C (Fig 9.4). 





Observation of the GCA didn’t show any further resolution (Fig 9.3). Hydropsychidae δ13C 
values were similar to periphyton, along with another food source with δ13C of approximately 
-27 ‰ at waterfall 8 and 11. GCA of Hydropsychidae contained animal tissue, fungal hyphae 
and conidia, CPOM and algae. Buccinidae δ13C values did not match periphyton or leaf litter 
apart from at waterfall 9 where δ13C values corresponded to periphyton. It was not possible 
to differentiate food types in the Buccinidae gut contents as it was pulverized.  
The range of δ15N values indicate that macroinvertebrates on the 12 waterfalls fed at 
different trophic levels (Fig 9.5). Heptageniidae had the most depleted 15N with a value of 
1.06 ± 0.77 ‰ and Blephariceridae had a δ15N value of 1.50 ± 0.68 ‰ (Table 9.2; Fig 9.4). 
Simuliidae and Hydropsychidae δ15N values were higher, Simuliidae had average δ15N value 
of 2.16 ± 0.36 ‰ and Hydropsychidae δ15N value was 3.07 ± 0.46‰ (Table 9.2; Fig 9.4).  
This indicates that some of their diet was composed of animal tissue. GCA showed that 
animal tissue was present in the stomach contents of Simuliidae, although this was only 
present in taxa at waterfall 9. Hydropsychidae had animal tissue in gut contents for half of 
the waterfalls including 2, 3, 7, 8, 9 and 12. Whilst Buccinidae was distinctly predacious, 
having the most enriched 15N with values of 5.48 ± 0.70 ‰ (Table 9.2; Fig 9.4). These results 
suggest that there were at least two trophic levels, with Heptageniidae and Blephariceridae 
as primary consumers and Buccinidae as a secondary consumer. Simuliidae and 
Hydropsychidae were in the middle, potentially being a third tropic level, with some taxa 
primary consumers and others secondary (Fig 9.5).   






Figure 9.5.  Food web of the dominant macroinvertebrates present on rock based biotopes in Ulu Temburong 
National Park. Based on stomach contents analysis and stable isotope analysis. Line thickness represents contributions 
of the sources. 
9.4 Discussion 
 
Waterfalls have been ignored in many aspects of freshwater research (Rackemann et 
al., 2013; Clayton and Pearson, 2016) and I am unaware of any previously published papers 
on waterfall food webs. Waterfalls are unique biotopes in tropical streams, lacking a 
hyporheic zone and a water column of sufficient depth for most fish (Clayton, 1995). 
Therefore the normally abundant herbivorous fish and shrimp are absent, leaving highly 
specialized macroinvertebrates to dominate the waterfalls (Clayton, 1995; Hart and Finelli, 
1999). This study using both SIA and GCA has established a trophic structure of waterfalls 
in pristine catchments in northern Borneo showing there are two, and potentially three, 
trophic levels. These include the detritivore/herbivore (Heptageniidae and Blephariceridae), 
omnivore (Simuliidae and Hydropsychidae) and predator (Buccinidae; Fig 9.4). There was 
some variation in carbon and nitrogen isotopic values of macroinvertebrates among the 
waterfalls, which is likely linked to variations in functional habitats including both quantity 
and quality. Given that this is amongst one of the few studies on waterfall trophic structure 
(Rackemann et al., 2013; Clayton and Pearson, 2016), further research relating functional 





habitats and waterfall geomorphology to the trophic ecology of waterfall resident taxa would 
be required to elucidate these patterns.   
The isotopic values (δ13C and δ15N) of basal food sources were distinct for 
periphyton and leaf litter (Table 9.2), making it possible to use them as indictors to 
distinguish between autochthonous and allochthonous basal food resources.  The δ13C 
values for leaf litter averaged -32.97 ‰, which was slightly lower compared to other values 
reported from the tropics. For example, Huang et al (2007) had CPOM from streams in 
Taiwan with an average of -30.3 ‰ and values from Hong Kong averaged -31.4 ‰ (Mantel 
et al., 2004). This range in δ13C values can be likely attributed to the high tree diversity in 
tropical rainforests, for example in Ulu Temburong national park there are approximately 
250 species of trees (Edwards 1994). This study sampled random leaf litter on waterfalls; not 
focusing on a certain species therefore variation in δ13C values when compared to other 
studies is understandable.  
The average δ13C value of periphyton was -30.06‰ (Table 9.2). This was more 
depleted compared to other studies; -22.96‰ (Puerto Rico, March and Pringle, 2003), -
25.4‰ (Hong Kong, Lau et al., 2009b) and -21‰ (Guadeloupe, Coat et al., 2009). However, 
depleted δ13C values of filamentous algae have been reported, such as -28.3‰ in Hong Kong 
(Mantel et al., 2004). The difference in periphyton δ13C values reported in the literature 
compared to periphyton in our study could be a result of samples being taken from pools 
and riffles, biotopes with different environmental conditions compared to waterfalls. The 
δ13C values of periphyton can be affected by several factors including the availability of 
dissolved inorganic carbon, taxonomic composition of the periphyton, water velocity, 
growth rate, and periphyton biomass (Hill and Middleton, 2006). The average δ15N for 
periphyton (-1.29 ‰) was higher than in leaf litter (-0.91 ‰; Table 9.2). Not surprising as 
periphyton scrubs contain a complex mix of bacteria, algae, fungi, protozoa and can include 
animal tissue, thus increasing the δ15N value (Wetzel, 2001; March and Pringle, 2003).    
This study was conducted during the dry season (i.e., June- August 2014) when there 
are high rates of leaf litter fall (Edwards, 1994; Pendry and Proctor, 1996). Leaves were 
therefore expected on all waterfalls during this study. However, during the rest of the year 
when there is less leaf litter fall and faster river flows, it would be predicted there would be 
less leaf litter on the waterfalls. This study showed the importance of periphyton as a food 
source. Waterfalls are often situated under a canopy gap due to the wide plunge pools directly 





below the waterfall, which increase the channel width. Therefore, unlike other headwater 
tropical biotopes, waterfalls are less likely to be light limited. In addition to leaf litter and 
periphyton food sources, some macroinvertebrate guts contained fungal hyphae and conidia. 
It has long been acknowledged that microbial conditioning of leaf litter increases nutritional 
value and palatability for macroinvertebrates (Petersen and Cummins, 1974). In the tropics 
bacteria and fungi has been suggested to play a more important role in leaf litter 
decomposition due to the higher lignin content (Irons et al., 1994; Wallace et al., 1997) and in 
the streams of Ulu Temburong it is not uncommon to see leaf litter covered in fungi.  
Both Heptageniidae and Blephariceridae are defined as herbivorous grazers in the 
literature (Tonnoir 1930; Alverson et al., 2001; Ghee, 2004). However, in this study 
Blephariceridae had δ13C values matching both periphyton and leaf litter. It’s possible for the 
Blephariceridae to graze the periphyton and fungi that have colonized the leaf surface and as 
a consequence consume the leaf litter (Petersen and Cummins, 1974). The δ15N values of 
Heptageniidae and Blephariceridae generally stayed under 2.5 ‰ implying these taxa are 
herbivorous (Table 9.2), with the GCA supporting these results with no animal tissue 
present.   
In the literature Simuliidae and Hydropsychidae have been classed as filter feeders 
therefore it is surprising that periphyton was the abundant food source (Cummins, 1973; 
Cummins and Klug 1979; Fig 9.4). However, these functional feeding group classifications 
are based on taxa living in temperate streams and there is a growing number of studies that 
suggest tropical taxa are more dependent on periphyton than leaf litter or detritus (March 
and Pringle, 2003; Brito et al., 2006; Lau et al., 2009a). For example, Brito et al., (2006) found 
Hydropsychidae in a Brazilian stream, with δ13C values matching riverweed and microalgae. 
The low digestibility of tropical leaf litter as suggested by the C: N values in this study may 
explain why periphyton is a more popular food source (Table 9.2; Benstead, 1996). Wooton 
(1977) argues that Simuliidae have been known to eat algae and will essentially ingest any 
particle from 0.5 µm to a maximum that depends on their mouth size (Burton, 1973). In 
addition, it is possible the water column contains many fragments of periphyton due to the 
frequent scouring flows. In Ulu Temburong National Park convective rainfall causes river 
and stream levels to fluctuate, this can occur daily in the wet season, with the power of the 
water scouring out habitats including periphyton (Sheldon, 2011). These consistent fast flows 





may have also influenced macroinvertebrate feeding behaviour, causing taxa to scrape algae 
from rocks instead of filtering particles from the fast flowing water.  
The SIA results showed that Simuliidae and Hydropsychidae had higher δ15N values 
compared to herbivorous grazers (Heptageniidae and Blephariceridae; Table 9.2). The δ15N 
values of consumers tend to be 2-5 ‰ higher than that of their diets (Hobson and Clark, 
1992; Bearhop et al., 2002), therefore our results suggest that Simuliidae and Hydropsychidae 
on the waterfalls were omnivorous. In the literature Simuliidae have been known to consume 
Chironomidae (Serra-Tosio, 1967) and some studies have regarded Hydropsychidae as 
omnivorous and even predacious (Fuller and Mackay, 1980; Allan and Castillo, 1995). The 
GCA support the SIA with animal tissue present in the guts of both Simuliidae and 
Hydropsychidae. This study is the first known stable isotope analysis on Buccinidae snail in 
a Bornean stream, with the literature mainly focusing on its taxonomy and geographic 
distribution (Polgar et al., 2015). Our results show that the snail had little overlap with δ13C 
values for leaf litter or periphyton (Table 9.2) and the δ15N values confirm reports in the 
literature that it is predacious (Coelho et al., 2013). 
Some taxa showed high variability of δ13C and δ15N values (Table 9.2). This variability 
could be due to the coarse level of identification to family level. Identification to genus or 
species level may yield greater information, with species potentially having different life 
histories and food preferences. However, this level of resolution is difficult in Borneo with 
macroinvertebrates still mostly undescribed (Yule and Yong, 2004; Jacobsen et al., 2008). 
Variability in dietary composition could also be a result of substrate complexity along with 
food availability and quantity, which was not formally investigated. In our study the 
waterfall’s geomorphic complexity varied from smooth bedrock to substrate covered in 
numerous ridges and holes promoting the formation of a range of functional habitats defined 
by a mix of leaf litter, wood debris, moss and periphyton to accumulate. Although these 
functional habitats were not quantitatively recorded in this study, visual observations found 
higher levels of wood debris and leaf litter on some waterfalls, particularly ones with complex 
substrate. Waterfall complexity may also influence taxa abundance on the waterfall and 
therefore number of prey for the predators. For example, Buccinidae δ15N value was lowest 
(4.35 ‰) at waterfall 9 which had smooth substrate. While, the highest level of δ15N (6.63 
‰) was at waterfall 1 which had heterogeneous substrate. However, further studies are 





required to investigate if these changes in waterfall complexity influence macroinvertebrate 
feeding behaviour and trophic level.  
While the food web is mostly resolved it appears there are likely some unknown food 
sources. The first was a source with more negative δ13C values (less than -33‰) that matched 
Blephariceridae and Heptageniidae at waterfall 10 (Fig 9.4). Reviewing other tropical isotopic 
studies (including March and Pringle, 2003; Brito et al., 2006; Coat et al., 2009; Lau et al., 
2009b) few food sources matched such low δ13C values. However, Huang et al., (2007) did 
sample red algae, which had depleted 13C with values around -37.4‰. Although this does not 
exactly match the δ13C values of Blephariceridae and Heptageniidae it could suggest that the 
study waterfalls do harbour some types of algae with very depleted δ13C values. The second 
‘unknown’ food source had a δ13C value of -27‰ and matched the δ13C value for 
Heptageniidae at waterfall 7, Simuliidae at waterfall 11 and Hydropsychidae at waterfall 8 and 
11. These values match values of dissolved organic matter and Fine Particulate organic 
matter (FPOM) from other studies, 28.6‰ on the Island of Guadeloupe  (Coat et al., 2009) 
and in a Brazilian stream FPOM had a mean δ13C value of ~29‰ (Brito et al., 2006).  
9.5 Conclusions 
 
Macroinvertebrate communities living on tropical waterfall are significantly under 
researched, with this study being the first known published paper to examine their trophic 
structure. Results from both SIA and GCA show two, and potentially three, trophic levels 
occurring including the herbivore (Heptageniidae and Blephariceridae), omnivore 
(Simuliidae and Hydropsychidae) and predator (Buccinidae). In agreement with tropical 
trophic structure studies on pools and riffles, the basal food resource on the waterfalls were 
found to be algae based. However, this study does suggest that despite the scouring 
velocities, waterfalls can retain functional habitats, with leaf litter being assimilated. The 
degree of functional habitat retention appears to be dependent on substrate heterogeneity 
and complexity. Quantitative analysis of substrate complexity is necessary to understand if 
the macroinvertebrate isotopic variation is related to waterfall complexity. In addition, 
further research is required to identify the unknown food sources.  





Chapter 10: Summary 
 
10.1 Overview of Research Aims and Questions  
 
It is important to develop an understanding of the basic dynamics of pristine tropical 
stream systems in terms of eco-hydromorphology to assist with sensible conservation 
management and for robust ecosystem monitoring. There has been very little published data 
regarding tropical streams in Borneo (however see: Dolný et al., 2011; Iwata et al., 2003) and 
prior to this study there had been no extensive surveys of the benthic communities and 
ecosystem functions of the streams and rivers of Ulu Temburong National Park. The overall 
aim of this thesis was therefore to develop an understanding of the basic dynamics of tropical 
stream systems in terms of eco-hydromorphology, with an emphasis on benthic 
macroinvertebrates in the context of temperate stream classification models and theories. In 
the following section I review the general findings from each of the data chapters with 
reference to each of my initial research questions (see Chapter 2).   
 
Chapter Four: This PhD thesis started with an expedition organised by the 
International Consortium of Universities for the Study of Biodiversity and the 
Environment (iCUBE) to Bukit Pagon (1850m), Brunei’s highest mountain in 2012. The 
main goal of the expedition was to conduct a systematic study of the environment and 
biodiversity of high altitude primary rainforest in Brunei. The first data chapter of this thesis 
sought to answer are biotopes a useful classification tool for examining 
macroinvertebrate biodiversity in tropical streams (QC4)? From this study, 43 
macroinvertebrate taxa were recorded in two remote, tropical streams in the Bukit Pagon 
catchment using the biotope classification tool. Biodiversity was similar between the study 
streams but there were differences among biotopes (pools, riffles, runs) with the lowest 
diversity occurring in fast-flowing biotopes. Community structure also varied among the 
biotopes. The dendrogram of macroinvertebrate abundance revealed a 0.8 dissimilarity 
between the fast and slow biotopes. Several taxa were found in multiple biotopes, which is 
likely linked to the occurrence of moss and leaf litter. Macroinvertebrate size structure 
distribution between the fast and slow biotopes was statistically different. Findings from this 
initial study gave enough evidence to suggest that biotopes may be an appropriate scale to 





investigate macroinvertebrate biodiversity in the tropical streams of Temburong and thus 
became a suitable scale of study for the rest of the thesis.  
 
Chapter Five: This data chapter was written as a short communication of the 
distribution and diversity of macroinvertebrates in the two main rivers that flow through Ulu 
Temburong National Park; Sungai Temburong and its tributary Sunagi Belalong. Due to the 
hydrology of the two rivers, with strong currents and flashy flows, the rivers are generally 
too dangerous to sample (Fig. 10.1). However, during a dry spell in 2014 it was possible to 
take the first recorded, systematic survey of the rivers to assess macroinvertebrate 
community structure and biodiversity of the pools. This chapter answered the research 
question (QC5) of whether macroinvertebrate diversity is similar between the two 
main river’s of Ulu Temburong National Park, Sungai Temburong and Sungai 
Belalong? In both Temburong and Belalong, 6 pools were sampled once during the dry 
season of 2014. Sampling sites on Temburong were split with 3 pools upstream of the 
confluence with Belalong and 3 pools downstream of the confluence. Overall in the two 
rivers, 1,184 individuals were collected representing 55 genera from 36 families and 8 orders. 
Among the orders, Ephemeroptera had the highest abundance with Hemiptera and 
Lepidoptera having the lowest. There was no significant difference in macroinvertebrate 
richness, abundance or biomass between the two rivers and community analysis found taxa 
communities to be similar between the two rivers. However, there was a significant 
difference in abundance between the pools upstream and downstream of the confluence on 
Temburong. Although this study only provided preliminary results of benthic biodiversity in 
the pools of Temburong and Belalong, these rivers connect up the main study streams of 
this thesis and are therefore of interest to investigate the overall river continuum. Due to the 
lack of research on tropical rivers, it is hoped that this information will help increase the 




















Figure 10.1 (Originally Figure 5.2) Photo of Sungai Belalong outside KBFSC. Photo on the left taken at 17.45 
when the rain started and photo on the right taken at 20:00 
 
Chapter Six: The hydraulic power of Sungai Temburong and Belalong was 
overwhelming to observe during fieldwork, with the two rivers levels ‘bouncing up and 
down’ almost daily (Fig. 10.1). During storm events I would watch the main river expand in 
size and with increasing discharge causing ‘hydraulic damming’ on the tributaries, with the 
main river preventing tributaries from flowing into the main river. During large storm events 
the main river would even flow up the tributaries, only stopping when reaching a waterfall 
or steep cascade. Confluences of rivers and their tributaries are complex, hydraulic habitats, 
which have been generally overlooked by river scientists. To date most research on these 
unique habitats has focused on the effect of tributaries on the main rivers; by contrast there 
have been very few studies on how the main rivers affect their tributaries. Therefore the 
aim of this chapter was to answer research question QC6 of whether organic matter 
(including leaf litter and wood debris) and levels of periphyton increased at the 
confluence? And whether this created ‘biodiversity hotspots’ for macroinvertebrates 
at the confluences? In 11 confluence zones, functional habitats and macroinvetebrates were 
sampled at the river margin (R), river-stream interface (I) and an upstream pool (U) that was 
above a high gradient riffle or waterfall where the main river only interacts during a 
significant storm event. At each location, leaf litter, wood debris, periphyton and 
macroinvertebrates were collected. I found no significant differences for any of the organic 
matter or periphyton measurements. However, several macroinvertebrate biodiversity “hot 
spots” were identified at the river-stream interface. These results suggest that that higher 
macroinvertbrate biodiversity is linked to confluence hydrology (e.g., hydraulic damming and 





damped scour from the main river) rather than the modified inputs and outputs of organic 
matter or variation in periphyton.  
 
Chapter Seven: Results indicated that the “biotope” is an appropriate scale to link 
the community structure of macroinvertebrates to natural hydraulic and geomorphic 
conditions in streams in Ulu Temburong National Park. This chapter expanded on this 
theme. The aim of this chapter was to answer research question QC7 of whether 
biotopes are important, rather than streams or reaches, for the operational scale of 
tropical macroinvertebrate biodiversity? As stream macroinvertebrates are reliable 
indicators of environmental health, understanding their natural distribution in tropical 
streams is vital for successful management and conservation. This chapter characterised the 
effects of biotopes on macroinvertebrate community structure in three streams within Ulu 
Temburong National Park. Biotopes within these streams were categorised as either bedrock 
waterfalls and cascades, or mixed-substrate riffles and pools. In total, 119 taxa were collected 
from all sampled biotopes, but not all taxa were collected from each stream. Biotopes were 
statistically distinct in terms of taxonomic richness, but not mean individual density or 
average community biomass. There were differences in community structure between 
waterfalls, cascades, pools, and riffles (Fig 10.2). The survey suggested that pool and riffle 
biotopes were more vulnerable to scouring flows and had similar community structure, while 
waterfalls and cascades likely experienced lower shear stress during floods and had similar 
macroinvertebrate communities. Results from this chapter conclude that classification and 
mapping of macroinvertebrates with biotope theory in pristine, tropical streams is a useful 
framework for simplifying the many linkages between ecology, geomorphology, and 
hydrology.   







Figure 10.2.  (Originally Figure 7.5) Ordination of macroinvertebrate density among sampled biotopes. 
Environmental data were fitted to the ordination axis using the envfit function of the vegan package in R. The 
environmental factors displayed are those that are most strongly correlated with the taxa. This includes velocity, gravel 
(G), cobbles (C), and bedrock (BR; p < 0.001) as well as depth, small wood debris (SWD), and moss (M; p < 
0.05). The biotopes are represented as symbols: pool, black triangle; riffle, black circle; cascade, white square; and 
waterfall, black star. List of taxa abbreviations are in appendix 7b (Stress = 0.16)  
 
Chapter Eight: The landscape of Ulu Temburong National Park changes over a 
relatively short distance from steep mountainous reaches at Bukit Pagon and Bukit Belalong 
to placid lowlands. This creates a geomorphic template for many waterfalls and cascades, 
which often partition streams into discrete zones. This chapter answered research 
question QC8 of to what extent do tropical waterfalls influence the distribution of 
aquatic communities? And will ecosystem functions (i.e. periphyton growth and leaf 
litter breakdown rates) differ between above- and below-waterfall pools? I observed 
higher fish densities in below-waterfall pools (0.24 fish m-2 versus 0.02 fish m-2 in above-
waterfall pools) and higher relative shrimp abundance in above-waterfall pools (8 





shrimp/pool versus <1 shrimp/pool in below-waterfall pools; Fig 10.3). However, 
macroinvertebrate densities (excluding shrimp) were similar among both pool types. 
Ambient periphyton standing stocks were higher in below-waterfall pools in 2013 (4.3 g m-2 
versus 2.8 g m-2 in above-waterfall pools) and 2014 (4.8 g m-2 versus 3.4 g m-2 in above-
waterfall pools), while periphyton growth rates varied from 0.05 to 0.26 g m-2 d-1 and were 
significantly higher in below-waterfall pools in 2014. Leaf litter decomposition rates (0.001 
to 0.024 d-1) did not differ between pool types, suggesting that neither shrimp nor fish 
densities had consistent impacts on this ecosystem function. Regardless, this research 
demonstrates the varied effects of biotic and abiotic factors on community structure and 
ecosystem function. These results highlight the importance of discontinuities, such as 




Figure 10.3. Schematic displaying the influence of waterfalls on aquatic communities with fish dominated below-
waterfall pools, while shrimp dominated above-waterfall pools. No difference in leaf litter (LL) decomposition between 
the above and below- waterfall pools but there was higher levels of periphyton in below- waterfall pools. Image of fish 










Chapter Nine: Tropical waterfalls are unusual biotopes as they lack a hyporheic 
zone and a water column of sufficient depth for the normally abundant shrimp and 
herbivorous fish, leaving highly specialized macroinvertebrates to dominate the waterfalls. 
This study used stable isotope analysis (SIA; δ13C and δ15N of leaf litter and periphyton) and 
gut contents analysis (GCA) to investigate the trophic structure of the abundant 
macroinvertebrates living on waterfalls including Heptageniidae, Blephariceridae, Simuliidae, 
Hydropsychidae, and Buccinidae. This chapter answered research question QC9, what 
is the main source of food for tropical macroinvertebrates that live on waterfalls? The 
δ15N values ranging from -1.9‰ to 5.5‰ show there are herbivores (Heptageniidae and 
Blephariceridae), omnivores (Simuliidae and Hydropsychidae) and predators (Buccinidae) 
living on the waterfalls in Ulu Temburong. Apart from Buccinidae, all the taxa had δ13C 
signatures ranging from 33‰ to 26‰, which mostly matched periphyton and leaf litter. GCA 
was useful to support the SIA results showing Simuliidae and Hydropsychidae guts contained 
animal tissue, while Heptageniidae and Hydropsychidae guts contained fungal hyphae and 
conidia. To our knowledge this paper is the only published study to examine their trophic 
structure. Results show the high dependence on periphyton is similar to other tropical 
biotopes, however results show that leaf litter and other food types are also important food 
sources. Combining both SIA and GCA I have established the trophic structure of tropical 
waterfalls showing there are two, and potentially three, trophic levels (Fig 10.4). Further 
research is required to expand on the number of food sources for the stable isotope analysis 
to identify the two ‘unknown’ food sources. In addition more quantitative analysis of 
substrate complexity work is necessary to understand if the macroinvertebrate isotopic 
variation is related to waterfall complexity and abundance of functional habitats. 
In addition to the general research questions this thesis has produced some first 
recordings of aquatic insects in Brunei: Compsoneuriella sp. (Ephemeroptera: Baetidae); 
Pelthydrus elongatulus (Coleoptera: Hydrophilidae; Schonmann 1995), Schinostethus sp. 
(Coleoptera: Psephenidae), Dryopomorphus memei (Coleoptera: Elmidae; Čiampor et al., 2012, 
Sartori and Gattolliat, personal communication, 2014, Manfred, personal communication, 2014). 
 







Figure 10.4. (Originally Figure 9.4) Food web of the dominant macroinvertebrates present on rock based biotopes 
in Ulu Temburong National Park. Based on stomach contents analysis and stable isotope analysis. Line thickness 
represents contributions of the sources. 
 
10.2 Recommendations for Future Work 
 
The linkages between the ecology, geomorphology and hydrology in tropical streams 
are complex. This thesis has made a solid contribution to understanding some of these 
linkages but nonetheless following on from this work I propose a number of future research 
investigations: 
• Quantify the frequent hydraulic changes and associated disturbance which occur 
within the rivers, streams and confluence zones with environmental sensors. A long-
term data set was not possible during this thesis, however environmental sensors 
have now reduced in price and they would provide much needed information on 
river and stream discharge in Ulu Temburong catchment. 
• The frequent hydraulic disturbances cause substrate and functional habitats to shift 
and change on a daily basis. Monitoring over a period of time may assist in further 
understanding how this frequent habitat disturbance influences benthic communities 
and functional habitats. For example, in tropical streams do the more transient 





functional habitats (e.g. leaf litter and small wood debris) have less value to benthic 
communities compared to attached functional habitats (e.g. moss, trailing roots)?  
• Size structure of macroinvertebrates among the biotopes. This study has 
demonstrated that the bedrock biotopes (cascades and waterfalls) and mixed 
substrate biotopes (pools and riffles), harboured different communities, and levels 
of taxa richness. Do the more consistent environmental conditions of waterfalls and 
cascades, in comparison to the mixed-substrate biotopes (pools and riffles), have an 
influence on their size? This is an important consideration for tropical stream 
productivity.  
• Macroinvertebrate dependence on periphyton on waterfalls is similar to other 
tropical biotopes, however results show that leaf litter and other food types are also 
important food sources. Further research is required to expand on the number of 
food sources found from stable isotope analysis. For example in this study there were 
two ‘unknown’ food sources. In addition more quantitative analysis of substrate 
complexity work is necessary to understand if the macroinvertebrate isotopic 
variation is related to waterfall complexity and the subsequent increased abundance 
of functional habitats. 
• In addition there are a range of topics and questions linked to:  
• Climate change affects in a catchment free from land-use change 
• Systematic collections of inverts to provide a catalogue of resident taxa 
• Fish biodiversity 
• System productivity 
10.3 Concluding Remarks 
 
This PhD thesis has focused on the basic dynamics of pristine tropical stream 
systems in Ulu Temburong National Park. This region was used as a case study owing to its 
pristine rainforests and stream systems, which have been little studied and yet vitally 
important for regional conservation. The high levels of land use change in surrounding areas 
of northern Borneo and within S.E Asia as a whole, creates a vital requirement to develop 
an understanding of the basic dynamics of tropical stream systems in terms of eco-
hydromorphology. This thesis has focused on benthic macroinvertebrates and used 
temperate stream classification models and theories to improve understanding about eco-





hydrogeomorphological in tropical stream systems. It is hoped that this knowledge will assist 
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Appendix Chapter 4a. Density (individual per m2) and Biomass (AFDM mg m-2) at the Stream 61a. NB: L= larvae 
 
  SP1 SP2 SP3 SR1 SRif2 SRif3 
Brachyura        
 Brachyura       
Ephemeroptera        
Leptophlebiidae Choroterpes 6.52/2.43 6.52/1.41 6.52/2.00  3.26/0.71  
Baetidae Centroptilum 3.26/0.36 13.03/2.38  6.52/0.62   
 Baetiella       
 Platybaetis       
Heptageniidae Campsoneuria 3.26/0.64  9.78/7.29  3.26/2.04  
 Epeorus    6.52/7.98   
 Thalerosphyrus 13.03/11.16 29.33/15.06 19.55/2.87  6.52/1.40 3.26/14.26 
Caenidae Caenodes       
Ephemerellidae  3.26/0.77     
Odonata        
Libellulidae Zygonyx    13.03/4.75   
Gomphidae Gomphidae     6.52/1.48 9.78/4.57 
Platystictidae Drepanosticta   3.26/3.16   3.26/8.09 
 Euphaeid.sp 3.26/5.18 3.26/16.62     
Macromiidae Macromia       
 Chlorocyphidae       
Perlidae        
Perlidae Neoperla   3.26/0.64    







Nemoiridae Nemoiridae       
Pleidae Paraplea 6.52/0.03  3.26/0.02    
Naucoridae Coptocatus      3.26/23.54 
 Thurselinus    6.52/5.02  3.26/49.75 
 Gestroiella   3.26/5.16    
 Laccocoris  3.26/3.91 6.52/45.50    
 Coptocatus 6.52/0.46      
Nepidae Cercotmetus   3.26/593.94    
Megaloptera        
Corydalidae Protohermes     3.26/20.48 3.26/5.29 
Trichoptera        
Brachycentridae Micrasema       
Calamoceratidae Ganonema       
Hydropsychidae Hydropsychidae   3.26/2.95    
 Pseudoleptonema     3.26/13.05  
 Diplectrona     3.26/13.05 3.26/4.59 
Helicopsychidae Helicopsychidae      13.03/1.53 
Leptoceridae Athripsodini       
Calamoceratidae Anisocentropus     3.26/5.72  
Coleoptera        
Elmidae Grouvellinus  3.26/0.79  97.75/23.69  55.39/30.6 
Elmidae Elmidae (L)   3.26/0.48    
Psephenidae Eubrianax 13.03/7.80 26.07/9.43 3.26/2.75   3.26/0.72 
Hydrophilidae Agraphydrus (L)       







Eulichadidae Eulichadidae (L)       
Scirtidae Scirtidae (L)      3.26/0.14 
Diptera        
Athericidae Asuragina       
 Atrichops       
Simuliidae Simuliidae      3.26/0.45 
Chironomidae Chironomidae 6.52/0.30 6.52/1.05 13.03/2.85    
 
Appendix Chapter 4b. Density (individual per m2) and Biomass (AFDM mg m-2) at the tributary. NB: L= larvae 
 
  TP1 TP2 TP3 TR1 TR2 TRif3 
Brachyura        
 Brachyura  3.26/8.67     
Ephemeroptera        
Leptophlebiidae Choroterpes 6.52/1.18 6.52/1.31 3.26/0.22    
Baetidae Centroptilum  3.26/0.48 6.52/3.97  3.26/0.29 3.26/13.16 
 Baetiella      3.26/0.29 
 Platybaetis    3.26/0.62 3.26/0.29 9.78/4.97 
Heptageniidae Campsoneuria 3.26/0.41 6.52/2.99 22.81/3.08   3.26/0.14 
 Epeorus       
 Thalerosphyrus 6.52/2.27 9.78/3.55 9.78/0.46    
Caenidae Caenodes   3.26/0.46    
Ephemerellidae       
Odonata        







Gomphidae Gomphidae  3.26/5.45 3.26/15.40   6.52/19.40 
Platystictidae Drepanosticta      6.52/1.52 
 Euphaeid.sp 6.52/9.23  3.26/0.75    
Macromiidae Macromia 3.26/3.86 13.03/25.15 19.55/7.21    
 Chlorocyphidae  3.26/2.28 3.26/3.16    
Perlidae        
Perlidae Neoperla       
Heteroptera        
Nemoiridae Nemoiridae    3.26/0.13   
Pleidae Paraplea       
Naucoridae Coptocatus       
 Thurselinus       
 Gestroiella 3.26/7.19     3.26/5.39 
 Laccocoris       
 Coptocatus 3.26/0.04      
Nepidae Cercotmetus       
Megaloptera        
Corydalidae Protohermes      3.26/2.41 
Trichoptera        
Brachycentridae Micrasema 3.26/1.59      
Calamoceratidae Ganonema 3.26/4.01      
Hydropsychidae Hydropsychidae       
 Pseudoleptonema      3.26/5.50 
 Diplectrona       







Leptoceridae Athripsodini   3.26/0.14    
Calamoceratidae Anisocentropus       
Coleoptera        
Elmidae Grouvellinus  3.26/0.59  55.39/14.7 9.78/2.58 3.26/1.03 
Elmidae Elmidae (L)       
Psephenidae Eubrianax 6.52/2.66 19.55/6.99 3.26/2.91    
Hydrophilidae Agraphydrus (L)      6.52/2.92 
Dytiscidae Neptosternus   3.26/13.50    
Eulichadidae Eulichadidae (L)       
Scirtidae Scirtidae (L)       
Diptera        
Athericidae Asuragina  3.26/6.25     
 Atrichops 3.26/1.90 3.26/0.54 3.26/0.45    
Simuliidae Simuliidae       

















Appendix Chapter 5. Abundance and biomass (AFDM mg) per kick sample at the two rivers, Sungai Temburong (T1-T6) and Sungai Belalong (B1-




T1 T2 T3 T4 T5 T6 B1 B2 B3 B4 B5 B6 
Ephemeroptera              
Baetidae Centroptella Cntrptll  2/0.09 3/0.24 3/0.09 1/0.07 3/0.11       
 Chopralla Choprall  2/0.24  7/0.49 1/0.09 2/0.07 3/0.24   1/0.05  1/0.14 
 Procloeon Procloen     2/0.07       1/0.14 
 Indocloeon Indoclon          3/0.33   
 Nigrobaetis Nigrobts   2/0.19 4/0.26 4/0.26 2/0.09      2/0.19 
 Labiobaetis Labiobts          3/0.33 2/0.09  
 Securiops  Seculike            2/0.19 
Caenidae Caenis  
Caenis 
8/0.5  7/0.53 4/0.17 2/0.08 2/0.24 6/0.63 2/0.1
6 
 4/0.44 12/2.01 4/0.46 
Ephemerellidae Hyrtanella Hyrtanll 1/0.06  1/0.18 2/0.12  2/0.12 5/0.67  3/0.27 4/0.31   









1/0.32  1/0.14 8/3.73 2/3.52 1.68 
Leptophlebiidae Euthraulus  
Euthrals 












 Thraulus  Thraulus 1/0.04   1/0.04 2/0.16        
Potamanthidae Potamanthus Potmnth
s 







 1/19.6           
Teloganellidae Teloganella 
Telognll 
   1/0.26  1/1.57  1/0.0
4 
2/0.44 1/0.26  2/0.7 
Teloganodidae Derlethina  Derlethn    1/0.04 1/0.04  1/0.02   1/0.08 1/0.04  







Calopterygidae Neurobasis Neurobss       1/0.1   1/0.03   
Euphaeidae Euphaeidae 
Euphaeid 
     1/0.68 2/0.02 1/0.6
8 





   1/0.01     1/8.9    
Libellulidae Zygonyx 
Zygonyx 
           1/13.2
9 
Plecoptera               
Perlidae Neoperla Neoperla 3/2.91 1/0.81 3/1.17 6/5.87 3/5.02 2/2.84 1/0.99   8/8.75 1/0.64 4/2.01 
Heteroptera               
Naucoridae Gestroiella Gestroll 1/0.01            
Veliidae Rhagovelia Rhagovel      1/0.68       
Trichoptera               
Ecnomidae Ecnomidae Ecnomid
a 
       1/0.2
7 
1/0.07 1/0.27  1/0.07 
Calamoceratidae Anisocentro
pus Anscntrp 





8/3.42  9/1.88 4/2.12 8/1.78 4/2.91 1/0.11   2/0.59   
 Mystacides Mystacds            1/0 
Leptoceridae Triplectides Trplctds         1/0.12    





2/0.15 2/0.15 2/0.23  1/0.42        
Lepidoptera               
Crambidae Elophila Elophila          2/6.08   
Coleoptera               
Dytiscidae Neptosternu
s NptstrnA 
  1/0.35      1/0.97    
















1/0.23 2/0.25 3/0.98 5/1.08 6/1.59 1/0.09 5/1.6 3/0.8
5 












 Grouvellinus Grovllns         1/0.08  2/0.36 1/0.55 





 1/0 2/0.2    1/0.03  1/0.1    
Lampyridae Lampyridae Lampyrid  1/1.39 1/3.03   1/0.86    1/0.03   
Psephenidae Microeubria
L MicrobrL 
1/0.05            
 Eubrianacina
e Eubrincn 
1/0.16 1/0.05 1/0.05    1/0.05 1/0.1
6 





     1/0.05  2/0.0
7 
    
Diptera               
Atherceridae AtherGen1 AtherGn
1 





      1/0.35   1/0.09 1/0.24  




e  Nonchir 











        3/0.21  2/0.17 1/0.04 
 ChironGen1  ChirnGn
1 









2/3.23   6/17.34 1/0.14   1/0.1
4 
2/0.2 5/5.01  1/4.27 
 Eloeophila  
Eloeophl 
       1/0.2
5 
    
Simuliidae Simuliidae Simuliid           1/0.01  
Tanyderidae Tanyderidae 
protanyderus Tanyderd 




















































  1M 2M 3M 4M 5M 6M 7M 8M 9M 10M 11M 
             
Collembola   1/0.03    1/0.00
1 
    1/0.1 
Trombidiformes   1/0.01     4/0.03  1/0.01   
Gastropoda             
Buccinidae Clea 1/0.03       1/0.03    
Oligochaeta Oligochaeta    3/0.58        
Ephemeroptera             






















 Indocloeon 21/2.22 1/0.05 17/2.6
8 




 Nigrobaetis         1/0.14   
 Labiobaetis 1/0.14 2/0.19 3/0.37 4/0.38 1/0.14 3/0.24  4/0.38 1/0.05   
 Baetis        1/0.05    
 Potamic genus           2/0.1
9 
 Baetis G2         1/0.05   












 Ephemerellidae Hyrtanella            
Euthyplociidae Polyplocia    2/7.4  1/0.87  2/14.4
3 














 Thalerosphyrus   2/0.09       6/0.92   














 Thraulus  1/0.52   3/0.44 3/0.68 1/0.12 4/0.32  2/0.16   
 LeptoGen1  1/0.87          
Potamanthidae Potamanthus  3/1.99 2/1.14  1/0.19  2/2.46 1/2.75 1/1.35 2/1.3
9 
 





Teloganellidae Teloganella 6/1.66           
 Dudgeodes       1/0.04 1/0.02    2/0.2
4 
Teloganodidae Derlethina         1/0.46 1/0.26  1/0.4
6 
Odonata             
Aeshnidae Aeshnidae     1/0.18 1/0.56      
Coenagrionidae Coenagrionidae  2/0.22          
Calopterygidae Neurobasis       3/4.62     
Euphaeidae Euphaeidae   1/0.03   2/2.08      
Gomphidae Burmagomphus     1/3.13   1/0.43     2/1  
Gomphidae Leptogomphus        1/0.04    
Libellulidae Zygonyx  1/0.02          
Platycnemididae Platycnemididae    1/0.01       1/1.0
2 
Platystictidae Platystictidae       1/0.02     
Plecoptera             








Hemiptera             
Corixidae Micronecta         1/0.01    
Veliidae Rhagovelia      1/0.02  2/0.21   7/1.1 
Trichoptera             
Calamoceratidae Anisocentropus 2/1.68 2/0.23   1/0.05      5/2.3
2 
Lepidostomatidae Lepidostoma        1/2.66    




 Triplectides  1/0.12  1/0.01   1/0.12     
 Parasetodes  1/0.19       2/1.67 2/0.2
3 
 




 Nectopsychini           1/0.2
9 
Coleoptera             
Dytiscidae Neptosternus (A)         1/0.97 1/0.9
7 
 
 Dytiscidae Microdytes (A)      1/0.35      
 Dytisidae (L)        1/0.1 1/0.03   












 ElmidaeGen2 (L)    2/0.13        
 ElmidaeGen5 (L) 2/0.2       1/0.86    
Hydrophilidae Enochrus (L)      1/0.03      
 Hyrophilidae Gen1 (L)   6/2.71 1/0.25   1/0.25 1/0.49    
 Berous.sp2. L) 1/0.25           





































 Psephenoidinae (L) 6/0.5           
Scirtidae ScirtidaeGen1 (L)   1/0.03         
Diptera             
Atherceridae AtherGen1  1/0.22  1/1.32        
 AtherGen2    1/0.22        
Ceratopogonidae Bezzia    3/2.16   1/0.05  1/0.09    
Chioneinae  Chioneinae 5/2.01  1/0.25         
















13/0.63 4/0.2 3/0.26   3/0.21 3/0.2 2/0.12 6/0.26   
 ChironGen1  5/0.77 3/1.98 1/0.04     2/0.31 2/0.91   
 ChironGen3   3/0.8    1/0.08      
Empididae Hemerodromia  2/0.05          
Ephydridae Ephydridae   1/0.06         
Limoniidae Hexatoma  1/4.27 1/25.8
3 
  1/0.19  4/1.58 1/1.49 7/1.0
7 
 
 Eloeophila    3/39.1
9 
        
Muscidae Muscidae  1/0.06 2/0.12  1/0.04 1/0.06      
Psychodidae Neotelmatoscopus sp 
1 
2/0.43         1/0.0
6 
 












Appendix Chapter 6b. Abundance and biomass (AFDM mg) per kick sample at the river-stream interface (I) 
 
 
  1I 2I 3I 4I 5I 7I 8I 9I 
Decapoda          
Potamidae Isolapotamon sp. 1/6.24        
Collembola   3/0.16  1/0.25 1/0.03    
Trombidiformes Trombidiformes  1/0.01       
Gastropoda          
Buccinidae Clea 2/7.09    1/0.03    
Clenchiellidae Clenchiella 1/0    3/0 14/0.01  1/0 
Oligochaeta Oligochaeta    2/2.16     
Tricladida Tricladida  4/0.24 1/0.02      
Ephemeroptera          
Baetidae Centroptella    3/0.33 1/0.14  12/0.84 2/0.19 
 Chopralla        32/2.92 
 Procloeon 2/0.19   5/1.08  1/0.05 18/2.06 12/1.22 
 Indocloeon 3/0.24 2/0.09 13/1.42 10/1.05 1/0.32    
 Nigrobaetis        1/0.05 
 Labiobaetis 3/0.24 1/0.05  8/1.87   2/0.07  
 Baetis        5/0.52 
 Securiops like       4/0.84  
 Baetis sp.      3/0.43  2/0.29  
 Lepto         
Caenidae Caenis  7/0.35 8/0.61 44/2.99 30/3.18 24/2.46 444/39.24 69/5.26 97/6.53 







Euthyplociidae Polyplocia    3/13.7      
Heptageniidae Compsoneuria 5/1.08 11/0.91 32/1.72 47/11.62 12/1.86 19/2.77 5/1.75 84/13.64 
 Thalerosphyrus        2/0.66  
Leptophlebiidae Euthraulus  9/0.8 3/0.37 6/1.11 14/4.96 16/3.01 3/0.5 19/4.71 129/23.37 
 Thraulus   2/0.4 4/0.79 8/1.59 5/0.76 4/0.2 3/0.6 12/1.69 
Potamanthidae Potamanthus       6/15.41 1/0.12 
Teloganellidae Teloganella    2/0.72     
 Dudgeodes     1/0.12   3/0.22  
Teloganodidae Derlethina         1.29 
Odonata          
Aeshnidae Aeshnidae      2/28.03   
Calopterygidae Neurobasis      10/7.45   
Euphaeidae Euphaeidae 8/0.24   1/0.1  2/2.07  9/9.22 
Gomphidae Burmagomphus         5/10.63 5/1.12  
Gomphidae Leptogomphus     1/26.23 4/7.7  2/13.42 
Gomphidae Sieboldius       1/45.18   
Libellulidae Zygonyx 1/0.02        
Platycnemididae Platycnemididae      6/3.82   
Plecoptera          
Leuctridae Rhopalopsole        1/0.11 
Perlidae Neoperla 6/4.3    2/1.63  4/1.34 26/16.39 
Peltoperlidae Cryptoperla 3/2.16        
Hemiptera          
Corixidae Micronecta      1/0  4/0.04  
Helotrephidae Distotrephes  1/0       







Trichoptera          
Ecnomidae Ecnomidae 2/0.42  1/0.27    1/0.42  
Eulichadidae EulichasL 2/10.2        
Calamoceratidae Anisocentropus 1/0.15 1/0.05 4/2.07 1/1.95 2/0.99 2/1.47  3/0.51 
Helicopsychidae  Helicopsyche  1/0.04        
 Macronematinae 3/8.04        
 Diplectrona 17/24.96      1/0.8  
 Hydromanicus 1/0.26        
 Potamyia 1/0.05        
Hydroptilidae Hellyethira      2/0.23 2/0.07  
 Mystacides 2/0.41 1/0.12 1/0.03 1/0.06 1/0.29  1/0.12 2/0.63 
 Parasetodes       11/2.21  
 Oecetini    3/0.33  1/2.71 2/0.06  6/0.25 
 Nectopsychini      3/1.01  16/6.17 
Philopotamidae Chimarra 3/2.6       11/2.16 
Stenopsychidae Stenopsychodes 1/0.04        
Curculionidae Curculionidae(L)  1/1.2       
Coleoptera          
Dytiscidae NeptosternusA   1/0.35  1/0.61    
Dytiscidae Microdytes  1/0.35       
Elmidae ElmidaeGen1L 14/4.89 1/0.09 10/6.42  2/0.6 3/0.55 7/1.98 43/13.59 
 ElmidaeGen2L   1/0.06 2/0.3     
 ElmidaeGenus3 1/0.15        
 ElmidaeGen5L 1/0.1        
 Dubiraphia(L)       1/0.1  







Hydraenidae Hydraena sp. 2/0.16        
Hydrophilidae EnochrusL   1/0.1      
 HyrophilidaeGen1L 1/0.25  12/3.1   1/0.1 1/0.49 43/8.33 
Hydroscaphidae HydroscaphaA  1/3.41       
 Eubrianacinae   4/1.64  2/0.54 12/5.11 1/0.16 4/1.21 
 PsephenoidinaeL 1/0.1        
Scirtidae ScirtidaeGen1L 2/0.35 1/0.25 3/7.5     16/3.86 
Diptera          
Atherceridae AtherGen1 1/0.22 1/0.06 1/1     4/0.79 
 AtherGen3       1/0.35  
Ceratopogonidae Bezzia  3/0.88   1/0.09  8/1.31 2/0.48 1/0.16 
 Atrichopogon   1/0.03      
Chioneinae  Chioneinae 4/2.24        
Chironomidae Non predacious chironomidae  20/1.15 8/0.19 38/1.71 34/1.48  265/7.7 27/0.63 53/1.56 
 Predacious Chironomidae 1/0.08 1/0.01 2/0.12 11/1.29 9/0.5 13/1.21 8/0.6 5/0.37 
 ChironGen1  6/0.96 1/0.08    3/0.54 1/0.23 1/0.15 
 ChironGen3    2/0.27      
Limoniidae Hexatoma 3/3.04   1/9.01  4/10.84 3/5.11 1/1.13 
 Eloeophila    1/0.4   3/3.38   
Limnophilinae  Limnophilinae    1.8/2.5     
Muscidae Muscidae  1/0.02 1/0.02 1/0.06     
Psychodidae Neotelmatoscopus sp 1 6/0.43 1/0.21  1/0.12     
Psychodidae Psychodidae       4/0.88 1/0.21  
Simuliidae Simuliidae 102/2.94       2/0.01 








Appendix Chapter 6c. Abundance and biomass (AFDM mg) per kick sample at an upstream pool (U; above a high gradient riffle or waterfall where 
there is little interaction with the main river) 
 
 
  1U 2U 3U 4U 5U 6U 7U 8U 9U 10U 11U 
Decapoda             
Parathelphusidae Parathelphusa sp.   1/4.93 1/12.99  1/1.54      
Potamidae Potamidae  1/1.95          
Potamidae Isolapotamon sp. 1/1.54 2/5.58          
Collembola   2/0.06 1/0.16       1/0  
Trombidiformes Trombidiformes    1/0.09    2/0.01    
 Gastropoda             
Buccinidae Clea  2/0.02       1/0.03   
Clenchiellidae Clenchiella  13/0.01     6/0.01  1/0  2/0.01 
Oligochaeta             
Oligochaeta Oligochaeta    2/0.09   1/0.39     
Tricladida             
Tricladida Tricladida         1/0.2   
Ephemeroptera             
Baetidae Centroptella  1/0.05 14/2.64   10/1.34  10/1.23 4/0.38 21/1.61  
 Chopralla     25/2.72   1/0.14 3/0.51   
 Procloeon 1/0.05  16/3.42 3/0.79 3/0.33 1/0.14 1/0.05 1/0.05 2/0.09   
 Indocloeon 2/0.09 19/1.98  4/1.22 1/0.14 17/2.41   1/0.14 5/0.56  
 Nigrobaetis     2/0.19   10/1.41 2/0.14   
 Labiobaetis  4/0.42    4/0.53  6/0.47 3/0.05 14/1.3 3/0.33 







 Liebebiella  1/0.14          
 tiny new genus        3/0.14    
 Baetis sp.          1/0.14   
 Lepto  1/0.14      1/0.05    
Caenidae Caenis  1.6 1/0.04 7/0.39 34/2.83 33/3.02 24/2.26 200/17.13 24/1.29 109/10.35 1.66 15/2.93 
Euthyplociidae Polyplocia    2/12.36         
Heptageniidae Compsoneuria 6/0.48 9/0.82 11/0.96 24/1.97 16/2.42 37/5.45 3/0.6 48/7.64 30/5.37 11/1.41 6/1.39 
 Thalerosphyrus            7/0.39 
Leptophlebiidae Euthraulus  1/0.12 7/0.76 5/1.66 5/0.92 17/2.47 17/4.05 1/0.12 127/19.69 40/8.53 6/0.95 36/5.98 
 Thraulus   1/0.04  16/2.63 6/0.63 12/2.3 2/0.16    1/0.04 
Potamanthidae Potamanthus       3/7.79 6/7.66 2/1.14   
Teloganellidae Teloganella   1/0.08         
 Dudgeodes      5/0.18       
Teloganodidae Derlethina        1/0.04 5/0.25 6/0.43 1/0.12  
Odonata             
Aeshnidae Aeshnidae      1/1.95      
Calopterygidae Neurobasis     1/0.03   5/0.17 1/3.58  1/1.5 
Calopterygidae Vestalis     1/0.03        
Diphlebidae Diphlebidae     1/1.02       
Euphaeidae Euphaeidae 7/8.02 14/8.16 3/4.48  3/8.53  3/1.51 8/8.61  1/0.02 3/16.82 
Gomphidae Heliogomphus         3/0.49   
Gomphidae Leptogomphus    1/5.53   2/4.26 2/1.57    
Libellulidae Zygonyx          1/0.02  
Platycnemididae Platycnemididae    6/2.58 1/2.2  6/3.65  3/1.65   
             







Platystictidae Platystictidae     1/2.07       
Plecoptera             
Leuctridae Rhopalopsole 1/0.21    1/0.11  1/0.34     
Perlidae Neoperla   4/2.84  4/2.49  2/0.73 15/11.43 16/8.84 4/5.39 7/3.11 
Peltoperlidae Cryptoperla          1/1.54  
Hemiptera             
Corixidae Micronecta      5/0.03    1/0   
Helotrephidae Distotrephes  1/0      3/0.05    
Naucoridae Laccocoris          1/1.99  
Veliidae Rhagovelia      6/0.84    2/0.33 2/0.63 
Trichoptera             
Ecnomidae Ecnomidae      9/5.22  1/0.15  6/2.28  
Calamoceratidae Anisocentropus 2/4.61   2/2.17 3/0.76 4/11.49 2/1.22  13/5.78 1/1.37 1/1.95 
 Ganonema         4/9.88   
 Diplectrona   1/0.8         
 Hydrospyche          3/2.18  
 Potamyia     4/0.16       
 Ugandatrichia  1/0.42          
Lepidostomatidae Lepidostoma      1/0.31   1/0.56   
 Mystacides  1/0.12   2/0.15 1/0.12 3/0.26 10/2.74 10/1.73 2/0.32 4/0.37 
 Triplectides         3/4.76   
 Parasetodes     2/0.13    1/0.29   
 Oecetini       5/1.33 1/0.12 3/0.18 2/0.58   
 Nectopsychini       6/0.7 6/2.83    
Philopotamidae Chimarra 1/0.61 2/1.21 1/0.61  2/0.42  3/0.72   2/0.31  







Xiphocentronidae Xiphocentronidae    1/0.15        
Lepidoptera             
Crambidae Elophila        1/0.06    
Crambidae Paracymoriza 1/0.14           
Curculionidae Curculionidae(L)           1/1.2 
Coleoptera             
Dytiscidae NeptosternusA        1/0.35    
 Dytiscidae Microdytes         1/0.06   
 DytisidaeL        1/0.03   1/0.06 
Elmidae DryopomorphusA        2/0.36    
 ElmidaeGen1L 5/5.35 10/3.59 7/4.18 1/0.09 2/0.67 1/0.23 5/1.88 60/24.91 24/7.93 2/0.54 12/6.06 
 ElmidaeGen2L       4/2.6 1/0  1/0.49  
 ElmidaeGen7L     1/0.1       
Gyrinidae GyrinidaeL         1/0.23   
 HyrophilidaeGen1L 1/0.1 6/1.36   3/0.6  1/0.25 7/2.56 11/3.01   
 Berosus.sp1.(L)    1/0.1        
Lampyridae Lampyridae 1/0.1           
Psephenidae Eubrianacinae  1/0.72  4/1.54 2/0.26 3/0.64 25/7.95 10/2.48 4/0.97 3/1.13 1/0.16 
 PsephenoidinaeL   1/0.16         
Scirtidae ScirtidaeGen1L 1/0.1  1/0.25  8/1.54  1/0.25 1/0.25 2/0.13   
Diptera             
Atherceridae AtherGen1  1/1     5/8.47 9/2.42 5/4.51 1/0.35 1/0.06 
Ceratopogonidae Bezzia          1/0.09 1/0.16 2/0.25 
 Atrichopogon  1/0          
Chioneinae  Chioneinae     3/0.41  2/2.08     







 Predacious Chironomidae  5/0.44 2/0.23 2/0.12  3/0.18 14/0.85 2/0.1 1.44 5/1.08 2/0.12 
 ChironGen1   1/0.08      4/0.4 1/0.04   
 ChironGen3      1/0.34       
Limoniidae Hexatoma     1/2.39  1/0.4  4/1.22   
 Eloeophila         2/3.4    
Muscidae Muscidae  1/0.02  1/0.02      1/0.02 1/0.06 
Psychodidae Neotelmatoscopus sp 1   2/1.21       3/0.17 1/2.1 
 Neotelmatoscopus sp 2          1/0.12  
Simuliidae Simuliidae  1/0.04   2/0.07  2/0.05   1.35 1/0.02 
















Appendix Chapter 7a: Channel characteristics and physical conditions of the biotopes at stream 61a and at the tributary. Type G=gravel, BR= 



















Dominant substrate type 
 G BR B C 
Sungai Lower Apan: Discharge = 0.62m3 Sec-1 
AP1 0.14 6.62 6.53 - 0.26 70 0 0 30 
AP2 0.62 6.61 8.34 - 0.17 95 5 0 0 
AP3 1.28 7.17 11.02 - 0.03 90 5 0 5 
AP4 0.64 2.97 6.23 - 0.06 60 40 0 0 
AP5 0.36 6.24 8.81 - 0.10 50 50 0 0 
ARI1 0.21 3.66 19.76 0.65 30 0 10 60 
ARI2 0.13 3.54 10.17 0.38 5 80 0 15 
AC1 0.04 8.14 3.13 0.60 0 100 0 0 
AC2 0.06 2.40 5.19 0.90 0 100 0 0 
AC3 0.04 5.85 8.00 0.55 0 100 0 0 
AC4 0.06 5.48 8.89 0.35 0 100 0 0 
AR1 0.09 8.30 11.21 0.12 10 90 0 0 
AWF2 Height ~ 3 0.01 4.22 6.27 1.21 0 100 0 0 
AWFT1 Height ~ 3.5 0.01 6.89 9.45 1.38 0 100 0 0 
AVERAGE 0.25 5.34 9.52 0.46 31 58 2 8 




































EP1 0.49 6.72 10.19 - 0.06 10 5 40 45 
EP2 0.58 2.75 3.76 - 0.11 30 60 0 10 
EP3 0.71 10.61 10.61 - 0.10 30 60 0 10 
EP4 0.40 4.62 4.62 - 0.22 40 0 0 60 
EP5 0.80 6.22 6.22 - 0.19 10 90 0 0 
ERI1 0.18 3.60 11.80 0.55 20 0 20 60 
EC1 0.12 6.37 12.64 0.90 5 0 70 25 
EC2 0.07 1.12 4.80 0.86 0 100 0 0 
EWF1 Height ~ 4 0.22 3.30 8.37 0.93 0 100 0 0 
EWF2 Height ~ 8 0.13 3.45 3.45 1.16 0 100 0 0 
AVERAGE 0.37 4.88 7.65 0.51 14.5 51.5 13 21 
Sungai Apan Threelan: : Discharge = 0.18m3 Sec-1 
TP1 0.32 3.20 6.70 - 0.07 35 0 5 60 
TP2 0.12 2.20 6.30 - 0.09 30 0 0 70 
TP3 0.27 8.25 8.25 - 0.09 60 5 0 45 
TP4 0.48 7.50 8.60 - 0.12 30 10 10 50 
TP5 0.15 3.15 3.70 - 0.12 20 50 0 30 
TP6 0.20 2.70 4.50 - 0.06 20 60 0 20 
TRI1 0.11 2.80 6.50 0.49 20 0 0 80 
TRI2 0.07 3.50 11.20 0.35 30 0 0 70 
TR1 0.01 2.50 4.00 0.51 10 80 0 10 
TWF1 Height ~ 7 0.02 0.63 4.66 0.93 0 100 0 0 
TWF2 Height ~ 5 0.02 4.90 10.20 0.44 0 90 10 0 








Appendix Chapter 7b. Average density (number of individuals per m2) and biomass (AFDM m2) of aquatic insect communities at the 3 study reaches 








Taxa Abbreviation Lower Apan Esu Threelan 
Decapoda      
Potamidae Ibanum Ibanum 0.217/0.381 0/0 0.296/0.303 
Trombidiformes      
Torrenticolidae Monatractides Mntrctds 0/0 1.304/0.003 0.593/0.001 
Hygrobatidae Hygrobates Hygrobts 0.435/0.001 0/0 0.296/0.001 
Gastropoda      
 Clea Clea 0.435/1.731 1.408/3.312 1.334/23.375 
 Clenchiella Clenchll 0.869/0.001 0/0 0/0 
Rhynchobdellida      
Glossiphoniidae Glossiphoniidae Glssphnd 0/0 0.326/0.011 0/0 
Tricladdia       
Tricladdia Tricladdia Tricladd 0.435/0.079 0/0 0/0 
Ephemeroptera      
Baetidae Platybaetis Platybts 0.435/0.148 0.978/0.118 0.593/0.248 
 Labiobaetis  Labiobts 1.413/0.169 1.082/0.219 1.777/0.143 
 Alainites Alainits 4.453/0.698 1.511/0.611 0/0 
 Cloeodes  Cloeodes 0.435/0.074 0/0 0/0 
 Nigrobaetis  Nigrobts 0.217/0.026 0/0 0/0 
 Centroptella Cntrptll 2.824/0.544 0.652/0.067 0/0 
 Chopralla Choprall 0.435/0.127 0.978/0.122 0/0 
 BaetidaeGenA BaetA 5.431/0.987 0/0 0.593/0.044 
 Gratia Gratia 0.652/0.213 1.304/0.202 0.593/0.098 
 Liebebiella Liebebll 2.498/0.188 1.63/0.2 0/0 







 Cloeodes Cloe1 0.109/0.014 0.313/0.084 0.296/0.012 
Heptageniidae Compsoneuria Compsonr 1.521/0.585 3.584/0.458 2.666/0.905 
 Thalerosphyrus  Thlrsphy 1.304/1.019 0.978/1.966 1.185/0.557 
Leptophlebiidae Euthraulus  Euthrals 24.546/4.111 45.291/5.168 11.848/1.048 
 Thraulus  Thraulus 0/0 0.652/0.01 0/0 
 LeptoGen1 LeptoGn1 0/0 0.326/0.152 0/0 
Potamanthidae Potamanthus Potmnths 2.716/3.689 10.754/21.552 6.516/4.437 
 Caenis abdita Caenis 0.435/0.048 11.405/0.792 1.778/0.083 
Caenidae Caenis  Caen1 4.345/0.272 11.078/1.032 13.774/0.859 
Teloganodidae) Dudgeodes  Dudgeods 1.195/0.136 0.652/0.042 0/0 
 Derlethina  Derlethn 3.693/0.694 0/0 0/0 
Prosopistomatidae Prosopistoma  Prospstm 0/0 0/0 0.296/0.026 
Polymitarcyidae Polyplocia  Polyploc 0/0 0/0 1.185/2.012 
Odonata      
Platystictidae Platystictidae Pltystct 0.217/0.007 0/0 1.778/1.54 
Gomphidae Onychogomphus Onychgmp 0.217/1.082 0.652/9.349 0.296/0.833 
 Burmagomphus Brmgmphs 0/0 0/0 0.296/0.205 
 Leptogomphus Lptgmphs 0/0 0/0 0.889/5.275 
 Sieboldius  Siebolds 0/0 0/0 0.296/2.374 
Euphaeidae Euphaeidae Euphaeid 0.435/1.651 1.304/1.63 5.036/13.326 
Libellulidae Zygonyx Zygonyx 0.217/0.025 0/0 0.296/1.865 
Calopterygidae Neurobasis Neurobss 0.217/0.02 0/0 0/0 
Plecoptera      
Perlidae Neoperla Neoperla 5.214/2.867 20.202/8.053 17.33/7.353 
 Etrocorema Etrocorm 0/0 2.933/1.21 0.593/0.385 







Leuctridae Rhopalopsole Rhoplpsl 0.869/0.159 0.978/0.154 0.593/0.112 
Heteroptera      
Naucoridae Laccocoris Laccocrs 0.217/0.015 0/0 0.593/4.155 
Corixidae Micronecta  Micronct 0.869/0.003 0/0 0/0 
Helotrephidae Distotrephes Dsttrphs 0.217/0.001 0.652/0.004 0.296/0.002 
Veliidae Rhagovelia Rhagovel 1.521/0.32 5.631/0.879 0/0 
Megaloptera      
Corydalidae Protohermes  Prothrms 0/0 0.326/0.023 0/0 
Trichoptera      
Hydroptilidae Hydroptila Hydroptl 0/0 0.978/0.01 0/0 
 Ugandatrichia Ugndtrch 0/0 0.652/0.032 0.741/0.004 
 Orthotrichia Orthtrch 0.652/0.013 0/0 0/0 
Philopotamidae Chimarra Chimarra 1.195/0.248 4.563/1.028 9.775/2.111 
Ecnomidae  Ecnomida 0/0 4.888/0.552 1.185/0.213 
Xiphocentronidae  Xphcntrn 0.109/0.026 0.652/0.271 1.185/0.045 
Hydrobiosidae Apsilochorema Apslchrm 0/0 0.326/0.55 0/0 
Polycentropodidae  Plycntrp 0/0 0/0 0.296/1.949 
Stenopsychidae Stenopsychodes Stnpsych 0/0 0/0 0.296/0.111 
Diplectroninae Diplectrona Diplctrn 1.086/5.915 0.326/0.741 1.777/2.591 
Hydropsychidae Hydromanicus Hydrmncs 2.498/14.379 3.585/18.506 7.11/17.66 
 Macrostemum Macrstmm 0/0 1.63/5.423 3.259/2.876 
 Hydrospyche Hydrspyc 0.652/4.329 1.082/7.905 0.593/1.373 
 Cheumatopsyche Chmtpsyc 0/0 0.326/0.334 1.185/0.997 
 Potamyia Potamyia 0.326/0.212 6.192/4.334 19.255/10.038 
 Polymorphanisus Plymrphn 0/0 0/0 0.296/6.535 







 Oecetini  Oecetini 1.413/0.327 3.585/0.497 2.37/0.199 
 Athripsodini Athrpsdn 0/0 0/0 0.296/0.051 
 Nectopsychini Nctpsych 0/0 0/0 0.296/0.078 
Calamoceratidae Anisocentropus Anscntrp 0.652/0.338 0.978/1.306 6.814/6.767 
 Ganonema Ganonema 0/0 0/0 0.593/2.372 
Lepidoptera      
Crambidae Eoophyla Eoophyla 0.652/0.163 0.652/0.291 1.185/0.364 
 Elophila Elophila 0.109/0.011 0/0 0/0 
 Paracymoriza Parcymrz 0.217/1.479 0/0 0.296/1.306 
Coleoptera      
Dytiscidae Neptosternus (A) NptstrnA 1.303/0.411 0/0 1.481/0.651 
 Dytisidae (L) DytisidL 0.435/0.022 2.607/0.192 1.185/0.065 
Gyrinidae Gyrinidae (L) GyrinidL 0/0 0.326/0.219 0.593/4.656 
Hydrophilidae Pelthydrus (A) PlthydrA 0/0 0.978/0.641 1.777/0.56 
 Enochrus (L) EnochrsL 0.869/0.289 5.214/1.662 2.666/0.655 
 HyrophilidaeGen2 (L) HyrphG2L 0.217/0.02 0/0 0.296/0.027 
 HyrophilidaeGen1 (L) HyrphG1L 0/0 4.888/1.112 0.889/0.197 
Scirtidae ScirtidaeGen1 (L) ScrtdG1L 1.63/0.209 5.214/0.752 5.925/0.73 
 ScirtidaeGen2 (L) ScrtdG2L 0/0 0.652/0.078 0/0 
Psephenidae  Schinostethus (L) SchnsttL 0/0 0/0 0.593/0.29 
 Microeubria (L) MicrobrL 0/0 0/0 0.296/0.032 
 EubrianaxGen1 (L) EbrnxG1L 0.217/0.128 2.282/1.713 2.666/0.691 
 Psephenoidinae (L) PsphndnL 0/0 0/0 1.037/0.043 
 EubrianaxGen2 EbrnxGn2 0/0 0.652/0.06 0/0 
Elmidae Stenelmis (A) StenlmsA 1.087/0.309 3.585/0.963 2.963/0.561 







 ElmidaeGen1 (L) ElmdGn1L 18.681/5.387 94.819/28.482 50.505/10.1 
 ElmidaeGen2 (L) ElmdGn2L 0/0 0.326/0.254 0/0 
 ElmidaeGen3 (L) ElmdGn3L 0/0 0.652/0.088 1.185/0.073 
 ElmidaeGen4 (L) ElmdGn4L 0/0 0.326/0.144 0/0 
 ElmidaeGen5 (L) ElmdGn5L 0.109/0.016 3.259/0.176 0/0 
 ElmidaeGen6 (L) ElmdGn6L 0.109/0.024 0/0 0/0 
 ElmidaeGen7 (L) ElmdGn7L 0/0 0/0 0.593/0.03 
Diptera      
Tipulidae. Limoniidae Limnophilinae Limnphln 0.217/0.578 3.259/25.845 5.035/12.076 
 Chioneinae Chionein 0.652/0.875 2.607/4.151 5.925/4.154 
 Gonomyia  Gonomyia 1.955/0.919 0.326/0.024 0/0 
 Antocha  Antocha 0.109/0.03 1.304/0.349 0/0 
 Geranomyia  Geranomy 0/0 0/0 1.185/0.805 
Psychodidae Neotelmatoscopus Ntlmtscp 2.607/0.123 15.628/0.652 10.221/0.645 
 Psychodidae  Psychodd 0/0 0/0 0.593/1.964 
Ceratopogonidae Bezzia  Bezzia 0.217/0.03 0/0 0.889/0.031 
Simuliidae Simuliidae Simuliid 108.505/4.645 5.318/0.136 9.776/0.163 
Chironomidae Non predacious chironomidae  Nonchir 13.685/0.254 41.381/1.441 45.915/0.905 
 Predacious Chironomidae PredChir 4.563/0.224 42.894/2.439 23.995/1.055 
 ChironGen1  ChirnGn1 0.217/0.009 0/0 0.296/0.036 
 ChironGen2  ChirnGn2 0/0 0.326/0.005 0.593/0.013 
 ChironGen3  ChirnGn3 0/0 3.91/1.428 0.593/0.198 
Athericidae AtherGen1 AtherGn1 0/0 0/0 0.889/0.229 
 AtherGen2 AtherGn2 0/0 0/0 1.481/0.266 
 AtherGen3 AtherGn3 0/0 0/0 0.296/0.173 







Blephariceridae BlephGen1 BlephGn1 0.761/0.653 1.629/1.167 0.889/0.455 















































Appendices for Chapter 8: Benthic Community Structure & Ecosystem Functions in Above-and Below-Waterfall Pools in 







Appendix Chapter 8a. Total density (number of individuals per m2) and biomass (AFDM m2) of macroinvertebrates at Apan Threelan. (A) refers to 
adults and (L) refers to larvae. Pools in bold (TP3 & TP4) are the experimental pools.  
 
 Threelan TP1 TP2 TP3 TP4 TP5 TP6 
Decapoda         
Potamidae Ibanum 0.54/0.56 
 
0/0 3.26/3.33 0/0 0/0 0/0 0/0 
Trombidiformes        
Torrenticolidae Monatractides 0.54/0.001 0/0 0/0 3.26/0.004 0/0 0/0 0/0 
Hygrobatidae Hygrobates 0.54/0.001 0/0 0/0 3.26/0.01 0/0 0/0 0/0 
Gastropoda        




0/0 0/0 0/0 0/0 0/0 
Ephemeroptera        
Baetidae Platybaetis 1.09/0.46 0/0 0/0 0/0 0/0 6.52/2.73 0/0 
 Cloeodes 0.54/0.02 0/0 0/0 0/0 0/0 3.26/0.13 0/0 
Heptageniidae Compsoneuria 1.63/0.29 0/0 0/0 0/0 0/0 9.78/1.77 0/0 










Caenidae Caenis abdita 1.63/0.13 0/0 0/0 0/0 9.78/0.76 0/0 0/0 
 Caenis sp 22.81/1.56 13.03/1.19 3.26/0.36 61.91/2.91 16.29/1.38 32.58/2.27 9.78/1.23 
Prosopistomatidae Prosopistoma  0.54/0.05 3.26/0.29 0/0 0/0 0/0 0/0 0/0 
Polymitarcyidae Polyplocia  1.09/3.42 0/0 0/0 3.26/12.47 3.26/8.05 0/0 0/0 
Odonata         







Gomphidae Burmagomphus 0.54/0.38 0/0 0/0 0/0 0/0 3.26/2.26 0/0 
 Leptogomphus 1.63/9.67 0/0 3.26/47.15 0/0 3.26/1.72 0/0 3.26/9.16 





9.78/28.76 6.52/11.14 0/0 3.26/6.06 
Libellulidae Zygonyx 0.54/3.42 0/0 3.26/20.51 0/0 0/0 0/0 0/0 





39.1/7.88 9.78/7.96 0/0 3.26/0.49 
 Etrocorema 1.09/0.71 0/0 0/0 0/0 0/0 6.52/4.24 0/0 
Leuctridae Rhopalopsole 1.09/0.2 3.26/1.00 0/0 0/0 3.26/0.23 0/0 0/0 
Heteroptera        
Naucoridae Laccocoris 1.09/7.62 0/0 0/0 0/0 0/0 3.26/31.4 3.26/14.3 
Helotrephidae Distotrephes 0.54/0.003 3.26/0.02 0/0 0/0 0/0 0/0 0/0 
Trichoptera        
Philopotamidae Chimarra 1.09/0.11 0/0 6.52/0.67 0/0 0/0 0/0 0/0 
Ecnomidae  1.09/0.28 6.52/1.67 0/0 0/0 0/0 0/0 0/0 
Stenopsychidae Stenopsychodes 0.54/0.2 0/0 0/0 3.26/1.22 0/0 0/0 0/0 
Diplectroninae Diplectrona 1.09/0.13 0/0 0/0 6.52/0.81 0/0 0/0 0/0 
Hydropsychidae Polymorphanisus 0.54/11.98 0/0 3.26/71.89 0/0 0/0 0/0 0/0 
Leptoceridae Oecetini  4.34/0.37 3.26/0.34 13.03/1.33 6.52/0.43 0/0 0/0 3.26/0.09 
 Nectopsychini 0.54/0.14 0/0 3.26/0.86 0/0 0/0 0/0 0/0 
Calamoceratidae Anisocentropus 11.95/12.3
6 
13.03/8.63 9.78/13.9 6.52/5.66 16.29/17.7
1 
3.26/1.65 22.81/26.63 
 Ganonema 1.09/4.35 0/0 0/0 0/0 6.52/26.09 0/0 0/0 







Dytiscidae Neptosternus Gen A 2.72/1.19 13.03/4.33 3.26/2.83 0/0 0/0 0/0 0/0 
 Dytisidae (L) 1.63/0.11 0/0 0/0 0/0 9.78/0.64 0/0 0/0 
Gyrinidae Gyrinidae (L) 0.54/7.98 0/0 0/0 0/0 3.26/47.88 0/0 0/0 
Hydrophilidae Enochrus (L) 3.8/1.2 0/0 13.03/4.65 6.52/1.52 0/0 0/0 3.26/1.04 
 Hyrophilidae Gen 2 (L) 0.54/0.05 0/0 0/0 0/0 0/0 3.26/0.3 0/0 
 Hyrophilidae Gen 1 (L) 0.54/0.12 0/0 0/0 0/0 3.26/0.72 0/0 0/0 
Scirtidae Scirtidae Gen1 (L) 2.17/0.58 6.52/2.89 3.26/0.3 0/0 3.26/0.3 0/0 0/0 
Psephenidae Eubrianax Gen1 (L) 2.17/0.44 
 
3.26/1.37 9.78/1.3 0/0 0/0 0/0 0/0 
 Psephenoidinae (L) 1.63/0.06 0/0 6.52/0.19 0/0 0/0 3.26/0.19 0/0 
Elmidae Stenelmis (A) 1.63/0.42 3.26/0.98 3.26/0.98 0/0 0/0 0/0 3.26/0.53 




78.2/17.14 42.36/5.56 13.03/3.96 29.33/5.27 101.01/24.3
2 
 Elmidae Gen3 (L) 0.54/0.02 0/0 0/0 0/0 0/0 3.26/0.14 0/0 
 Elmidae Gen7 (L) 1.09/0.06 0/0 3.26/0.3 3.26/0.03 0/0 0/0 0/0 
Diptera         
Tipulidae. 
Limoniidae 
Limnophilinae 4.89/12.05 3.26/41.8 16.29/16.8
5 
3.26/12.93 3.26/0.5 3.26/0.24 0/0 
 Chioneinae 5.97/5.29 3.26/3.02 19.55/20.6
7 
6.52/2.49 6.52/5.54 0/0 0/0 
Psychodidae Neotelmatoscopus 1.63/0.12 0/0 9.78/0.71 0/0 0/0 0/0 0/0 
 Psychodidae  1.09/3.6 0/0 0/0 6.52/21.6 0/0 0/0 0/0 
Ceratopogonidae Bezzia  1.63/0.06 0/0 0/0 3.26/0.16 3.26/0.13 3.26/0.05 0/0 
Simuliidae Simuliidae 1.63/0.02 3.26/0.03 3.26/0.05 0/0 3.26/0.07 0/0 0/0 








39.1/0.99 52.13/2.11 9.78/0.23 







 ChironGen1  0.54/0.07 0/0 0/0 0/0 0/0 3.26/0.4 0/0 
Athericidae AtherGen1 1.63/0.42 0/0 6.52/2.07 0/0 0/0 3.26/0.45 0/0 
 AtherGen2 2.72/0.49 0/0 0/0 16.29/2.93 0/0 0/0 0/0 
 AtherGen3 0.54/0.32 3.26/1.9 0/0 0/0 0/0 0/0 0/0 
 Ephydridae 0.54/0.01 0/0 0/0 3.26/0.07 0/0 0/0 0/0 
Muscidae Muscidae 1.09/0.05 0/0 0/0 0/0 3.26/0.21 3.26/0.07 0/0 
 
Appendix Chapter 8b. Total density (number of individuals per m2) and biomass (AFDM m2) of macroinvertebrates at Esu. A) refers to adults and (L) 








Taxa Esu EP1 EP2 EP3 EP4 EP5 
Trombidiformes       
Torrenticolidae Monatractides 1.96/0.004 9.78/0.02 0/0 0/0 0/0 0/0 
Gastropoda       
 Clea 0.65/0.004 0/0 0/0 0/0 3.26/0.02 0/0 
Rhynchobdellida       
Glossiphoniidae Glossiphoniidae 0.65/0.02 0/0 3.26/0.11 0/0 0/0 0/0 
Ephemeroptera       
Baetidae Labiobaetis  0.65/0.19 0/0 0/0 3.26/0.95 0/0 0/0 
 Alainites 2.61/1.2 0/0 0/0 0/0 13.03/6.01 0/0 
 Chopralla 1.96/0.24 0/0 9.78/1.22 0/0 0/0 0/0 
Heptageniidae Compsoneuria 3.91/0.34 6.52/0.53 13.03/1.18 0/0 0/0 0/0 
Leptophlebiidae Euthraulus  49.53/6.46 45.62/6.62 91.23/8.79 74.94/10.38 32.58/6.41 3.26/0.11 
Potamanthidae Potamanthus 19.55/42.85 16.29/12.03 9.78/1.73 39.1/90.41 26.07/86.1 6.52/23.97 
Caenidae Caenis abdita 21.51/1.53 0/0 0/0 13.03/0.61 87.98/6.3 6.52/0.72 
 Caenis sp. 16.29/1.64 9.78/0.6 3.26/0.36 39.1/4.96 16.29/1.35 13.03/0.92 
Odonata        
Gomphidae Onychogomphus 0.65/0.9 0/0 3.26/4.48 0/0 0/0 0/0 
Euphaeidae Euphaeidae 0.65/2.67 0/0 3.26/13.35 0/0 0/0 0/0 
Plecoptera       
Perlidae Neoperla 28.02/11.18 19.55/8.33 0/0 45.62/10.22 61.91/31.3 13.03/6.04 
 Etrocorema 4.56/0.96 0/0 22.81/4.78 0/0 0/0 0/0 
Peltoperlidae Cryptoperla 0.65/0.56 
 
0/0 0/0 3.26/2.80 0/0 0/0 
Leuctridae Rhopalopsole 1.96/0.31 0/0 0/0 0/0 9.78/1.54 0/0 







Helotrephidae Distotrephes 1.3/0.01 3.26/0.01 0/0 0/0 3.26/0.03 0/0 
Veliidae Rhagovelia 1.3/0.58 0/0 3.26/0.92 0/0 0/0 3.26/1.98 
Megaloptera       
Corydalidae Protohermes  0.65/0.05 0/0 0/0 3.26/0.23 0/0 0/0 
Trichoptera       
Philopotamidae Chimarra 7.17/1.64 0/0 0/0 3.26/1.49 3.26/0.78 29.33/5.93 
Ecnomidae  8.47/0.92 0/0 0/0 0/0 35.84/3.04 6.52/1.56 
Xiphocentronidae  0.65/0.3 0/0 0/0 3.26/1.49 0/0 0/0 
Hydrobiosidae Apsilochorema 0.65/1.1 0/0 0/0 0/0 3.26/5.50 0/0 
Diplectroninae Diplectrona 0.65/1.48 0/0 0/0 3.26/7.41 0/0 0/0 
Hydropsychidae Macrostemum 3.26/10.85 0/0 0/0 6.52/18.19 6.52/31.06 3.26/4.98 
Leptoceridae Oecetini  3.91/0.53 6.52/0.43 9.78/1.88 3.26/0.34 0/0 0/0 
Calamoceratidae Anisocentropus 1.3/1.05 0/0 0/0 3.26/4.82 0/0 3.26/0.43 
Coleoptera       
Dytiscidae Dytisidae (L) 5.21/0.38 0/0 0/0 3.26/0.3 19.55/1.32 3.26/0.3 
Hydrophilidae Pelthydrus (A) 0.65/0.36 0/0 0/0 0/0 0/0 3.26/1.79 
 Enochrus (L) 8.47/2.73 0/0 0/0 16.29/5.38 0/0 26.07/8.27 
 Hyrophilidae Gen1 (L) 9.78/2.22 9.78/1.19 13.03/2.47 0/0 26.07/7.46 0/0 
Scirtidae Scirtidae Gen1 (L) 5.21/0.70 3.26/0.17 3.26/0.30 3.26/0.48 0/0 16.29/2.53 
Psephenidae Eubrianax Gen1 (L) 3.26/1.26 0/0 9.78/4.56 6.52/1.72 0/0 0/0 
Elmidae Stenelmis (A)  6.52/1.82 3.26/0.98 19.55/5.63 6.52/1.51 3.26/0.98 0/0 
 Elmidae Gen1 (L) 149.23/42.35 143.37/40.53 114.04/33.15 306.29/77.1 123.82/49.3 58.65/11.66 
 Elmidae Gen2 (L) 0.65/0.51 0/0 0/0 3.26/2.54 0/0 0/0 
 Elmidae Gen3 (L) 1.3/0.18 0/0 0/0 3.26/0.44 3.26/0.44 0/0 
 Elmidae Gen5 (L) 0.65/0.14 0/0 0/0 0/0 0/0 3.26/0.72 







Tipulidae. Limoniidae Limnophilinae 5.87/51.08 0/0 0/0 9.78/15.57 6.52/57.47 13.03/182.39 
 Chioneinae 5.21/8.3 0/0 0/0 0/0 9.78/20.52 16.29/20.99 
 Antocha  1.96/0.63 0/0 0/0 0/0 9.78/3.14 0/0 
Psychodidae Neotelmatoscopus 0.65/0.04 0/0 3.26/0.2 0/0 0/0 0/0 
Simuliidae Simuliidae 1.3/0.03 0/0 3.26/0.07 0/0 0/0 3.26/0.07 
Chironomidae Non predacious chironomidae  60.61/2.5 0/0 162.92/4.97 0/0 97.75/6.59 42.36/0.95 
 Predacious Chironomidae 70.38/4.22 9.78/0.48 81.46/4.72 74.94/7.3 159.66/7.4 26.07/1.21 
 Chiron Gen2  0.65/0.01 0/0 0/0 3.26/0.05 0/0 0/0 
 Chiron Gen3  7.82/2.86 0/0 0/0 3.26/0.99 16.29/7.5 19.55/5.79 








Appendix Chapter 8c. Total density (number of individuals per m2) and biomass (AFDM m2) of macroinvertebrates at Lower Apan. A) refers to adults 
and (L) refers to larvae. Pools in bold (AP2 & AP3) are the experimental pools. 
 
Taxa Lower Apan AP1 AP2 AP3 AP4 AP5 
Decapoda       
Potamidae Ibanum 0.65/1.14 3.26/5.72 0/0 0/0 0/0 0/0 
Gastropoda       
 Clea 0.65/0.15 0/0 3.26/0.77 0/0 0/0 0/0 
Tricladdia        







Ephemeroptera       
Baetidae Labiobaetis  3.26/0.35 0/0 0/0 3.26/0.65 6.52/0.84 6.52/0.27 
 Alainites 0.65/0.19 3.26/0.95 0/0 0/0 0/0 0/0 
 Centroptella 8.47/1.63 0/0 0/0 0/0 0/0 42.36/8.16 
 Chopralla 1.3/0.38 0/0 0/0 0/0 0/0 6.52/1.90 
Heptageniidae Compsoneuria 1.96/0.67 0/0 0/0 0/0 3.26/3.11 6.52/0.25 
 Thalerosphyrus  1.30/0.11 0/0 0/0 0/0 0/0 6.52/0.53 
Leptophlebiidae Euthraulus  56.7/10.44 45.62/7.12 35.84/3.84 42.36/5.58 39.1/6.72 120.56/28.95 
Potamanthidae Potamanthus 5.87/9.94 0/0 0/0 16.29/21.97 9.78/26.21 3.26/1.52 
Caenidae Caenis abdita 0.65/0.08 0/0 0/0 3.26/0.39 0/0 0/0 
 Caenis sp. 11.73/0.72 0/0 26.07/1.22 0/0 19.55/1.46 13.03/0.92 
Odonata       
Platystictidae Platystictidae 0.65/0.02 0/0 3.26/0.10 0/0 0/0 0/0 
Gomphidae Onychogomphus 0.65/3.25 0/0 3.26/16.23 0/0 0/0 0/0 
Euphaeidae Euphaeidae 0.65/4.07 3.26/20.37 0/0 0/0 0/0 0/0 
Calopterygidae Neurobasis 0.65/0.06 0/0 3.26/0.30 0/0 0/0 0/0 
Plecoptera       
Perlidae Neoperla 9.12/5.71 9.78/6.44 3.26/1.88 3.26/8.17 6.52/6.66 22.81/5.37 
Leuctridae Rhopalopsole 0.65/0.16 3.26/0.79 0/0 0/0 0/0 0/0 
Heteroptera       
Naucoridae Laccocoris 0.65/0.05 0/0 0/0 0/0 0/0 3.26/0.23 
Corixidae Micronecta  1.96/0.01 0/0 0/0 3.26/0.02 6.52/0.02 0/0 
Helotrephidae Distotrephes 0.65/0.002 0/0 0/0 0/0 3.26/0.01 0/0 
Veliidae Rhagovelia 3.26/0.68 3.26/0.57 0/0 3.26/0.92 6.52/0.97 3.26/0.92 
Trichoptera       







Leptoceridae Oecetini  2.61/0.94 3.26/1.25 0/0 3.26/1.75 3.26/0.86 3.26/0.86 
Calamoceratidae Anisocentropus 1.96/1.01 0/0 3.26/0.15 3.26/4.01 3.26/0.91 0/0 
Coleoptera       
Dytiscidae Dytisidae (L) 0.65/0.01 0/0 3.26/0.03 0/0 0/0 0/0 
Hydrophilidae Enochrus (L) 1.30/0.43 3.26/1.44 0/0 3.26/0.72 0/0 0/0 
 Hyrophilidae Gen2 (L) 0.65/0.06 0/0 0/0 0/0 0/0 3.26/0.30 
Scirtidae Scirtidae Gen1 (L) 1.96/0.31 0/0 0/0 0/0 6.52/1.45 3.26/0.08 
Elmidae Stenelmis (A) 1.30/0.39 3.26/0.98 3.26/0.98 0/0 0/0 0/0 
 Elmidae Gen1 (L) 37.81/11.31 74.94/23.11 13.03/4.25 42.36/13.76 19.55/7.05 39.1/8.40 
Diptera        
Tipulidae. Limoniidae Chioneinae 0.65/1.73 0/0 0/0 3.26/8.67 0/0 0/0 
Simuliidae Simuliidae 15.64/0.54 6.52/0.15 0/0 39.1/1.43 29.33/1.06 3.26/0.07 
Chironomidae Non predacious chironomidae  14.99/0.3 6.52/0.29 19.55/0.40 22.81/0.25 13.03/0.26 13.03/0.30 










Appendix Chapter 8d. NMDS ordination of macroinvertebrate abundance among sampled pools. The first letter represents the stream; T, Sungai 
Apan Threelan; A, Sungai Lower Apan; E, Sungai Esu. Second letter is P to represent pool and the number represents the pool at that study stream. 









Appendix Chapter 8e. Total relative abundance and biomass of shrimp in pools above and below the study sites Apan Threelan, Esu and Lower Apan. 









Site Abundance Biomass 
Threelan (Below) 1 75.82 
Threelan (Above) 84 26532.55 
Esu (Below) 0 0 
Esu (Above) 53 12185.87 
Lower Apan (Below) 1 198.74 
Lower Apan (Above) 1 8.21 
TP1 0 0 
TP2 1 75.82 
TP3 0 0 
TP4 24 3914.30 
TP5 7 2964.40 
TP6 53 19653.85 
EP1 0 0 
EP2 0 0 
EP3 34 6413.47 
EP4 12 2172.16 
EP5 7 3600.24 
AP1 1 198.74 
AP2 0 0 
AP3 0 0 
AP4 1 8.21 







Appendix Chapter 8f. Total density of fish at the study sites (number of individuals per m2)  
 
 
Family Genus Threelan Esu Lower Apan Baki 
















Gastromyzon  0 0 0 0.02 0 0 0.009 0 
Cyprinidae Nematabramis steindachneri 0.01 0 0.16 0 0.27 0.02 0 0 
Cyprinidae Tor douronensis 0.07 0 0.03 0 0 0 0 0 
Cyprinidae Rasbora argyrotaenia 0 0 0 0 0.30 0.04 0 0 
Cyprinidae Hampala bimaculata 0 0 0 0 0.09 0 0 0 



























































Appendix Chapter 9. Carbon and nitrogen isotopic values of basal food sources and consumers at the 12 waterfalls 
 
 
Waterfall Periphyton Leaf litter 
 δ13C δ15N δ13C δ15N 
One -32.12 0.64 -32.48 -0.37 
 -31.99 0.8 -32.29 -0.24 
 -32.51 1.99 -32.38 -0.59 
 -32.15 1.19   
 -32.19 1.47   
Two -27.19 0.66 -32.21 -1.06 
 -27.1 0.66 -32.17 -1.24 
 -27.21 0.15 -32.07 -1.39 
 -26.39 0.3   
 -26.47 0.73   
Three -25.09 1.2 -32.66 -1.8 
 -26.33 1.31 -32.62 -1.49 
 -25.64 1.14 -32.22 -2.43 
Four -30.66 1.18 -35.42 0.52 
 -30.31 1.17 -34.78 0.41 
 -30.56 1.39 -35.16 0.41 
 -30.38 0.95   
Five -32.85 0.67 -32.67 -0.5 
 -32.76 0.59 -32.61 -0.58 
 -32.7 0.49 -32.69 -0.33 







 -33.36 1.04   
Six -32.25 0.66 -35.5 -0.52 
 -33.62 1.66 -34.34 -0.21 
 -33.61 1.09 -32.61 0.04 
 -33.54 1.7   
 -33.51 1.26   
Seven -29.89 1.66 -30.72 -0.31 
 -29.87 1.44 -30.87 -0.68 
 -29.97 0.95 -31.01 -0.78 
 -29.89 2.77   
 -30.01 2.26   
Eight -29.23 1.66 -35.92 -0.03 
 -27.93 1.4 -32.99 -0.06 
 -29.08 2.41 -34.9 0.09 
 -29.04 0.67   
 -29 1.48   
Nine -31.43 1.43 -31.4 -2.68 
 -31.44 0.39 -34.48 -2.54 
 -31.22 0.85 -28.64 -2.78 
 -31.11 1.42   
 -31.27 1.22   
Ten -32.13 0.97 -31.9 -2.92 
 -32 0.61 -32.21 -2.21 
 -32.02 0.42 -32.88 -2.67 
 -32.19 0.88   







Eleven -29.81 1.06 -34.01 -0.5 
 -29.88 1.09 -35.4 -0.24 
 -29.92 1.1 -33.16 -0.48 
 -30.11 1.25   
 -29.68 1.31   
Twelve -26.01 2.69 -34.58 -1.01 
 -26.14 2.83 -32.31 -0.65 
 -26.05 3.39 -32.56 -0.82 
 -26.2 3.24   
 -24.16 3.52   
 
